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ABSTRACT 
Currently, most polymeric packaging materials are based on non-renewable fossil 
resources. They release toxic or noxious components during manufacture and these 
materials do not allow composting to naturally occurring degradation products. Therefore, 
―green‖ plastic packaging materials that are based on renewable resources are required. 
Poly(lactic acid) (PLA) is one of the first commodity polymers produced from annually 
renewable resources with excellent properties comparable to many petroleum-based 
plastics. Moreover, it is readily degradable under hydrolytic, thermal conditions or in 
enzymatic or bacterial atmosphere. Conversely, poor deformation characteristics and low 
melt strength of PLA pose considerable scientific challenges and limit its large-scale 
applications.  
 
This thesis reports on research to improve PLA‘s properties to satisfy and extend end-use 
applications such as packaging. Three different chain architectures of PLA including; 
linear PLA (L-PLA), branched PLA (B-PLA) and linear/branched PLA (L,B-PLA) were 
blended with polyethylene glycol (PEG) having Mw of 1,000 g/mol, as a plasticizer,  in 
various PEG concentrations (0, 5, 10, 15 and 20 wt%). A range of characterization 
techniques were used to investigate the molecular weight characteristics, thermal 
properties, mechanical properties, morphological properties and rheological behaviour of 
these blends. The film was produced from the most beneficial composition and its 
properties were explored.  
 
The B-PLA had higher molecular weight (MW) and broader molecular weight distribution 
(MWD) than L-PLA. A decrease of MW and MWD was noticed due to the addition of 
PEG to all PLA/PEG blends. In the case of B-PLA and L-PLA blends (L,B-PLA), the  
blends showed evidence of a synergistic behaviour in both their melt rheological and 
impact properties. This was attributed to the miscibility and chain entanglement of B-PLA 
and L-PLA as is evident in the region of 30-70 wt % of B-PLA content.  
 
The addition of PEG plasticizer lowered the glass transition temperature (Tg) and increased 
the crystallinity and crystallization rate of the blends as expected. This was attributed to the 
enhanced segmental motion of the PLA molecular chains.  
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The addition of PEG increased the impact strength and % elongation at break while the 
tensile strength and Young‘s modulus were decreased. In addition, the optimum impact  
strength of each PLA/PEG blend was observed due to the occurrence of phase separation. 
This evidence was confirmed by SEM micrographs. 
  
Dynamic and Steady Shear rheological tests were carried out to study the effect of the 
addition of PEG into PLA of different chain architectures at three different temperatures 
(175, 180 and 190 ºC).  Blend with higher PEG loading produced lower viscosity and 
elastic properties compared to pure PLA. The molecular weight between entanglements 
(Me) of unprocessed L,B-PLA was lower than that of unprocessed L-PLA and unprocessed 
B-PLA indicating more chain entanglements in the L,B-PLA blend. The synergistic 
behaviour of L,B-PLA blends was greater than that of L-PLA and B-PLA blends and was 
therefore attributed to this greater chain entanglement. In terms of extensional rheology, 
strain-hardening behaviour was observed in both unprocessed B-PLA and unprocessed 
L,B-PLA. The plasticized blends (B-PLA/PEG and L,B-PLA/PEG) also exhibited the 
strain hardening behaviour at higher strain rates from 1.0 s
-1
. However, they exhibited 
lower extensional viscosity values. On the other hands, strain hardening behaviour of L-
PLA/PEG blends was not observed at any strain rates tested. From the Rheotens 
experiment for B-PLA and L,B-PLA  it was observed that the  increasing PEG content led 
to a decrease of the melt strength values and increased  drawability of the blends. 
 
The L,B-PLA blend (with 10 wt% PEG) was chosen to produce a film by blown film 
extrusion. The films exhibited improved % elongation at break. The properties of the film 
with two BURs (2.5:1 and 3.2:1) were explored. It was observed that while the film 
produced at higher BUR exhibited better transparency, average tensile strength and 
modulus, the bubble instability was also increased at higher BUR. 
 
Significant correlations were observed including phase separation between thermal and 
morphological properties, the values of crystallinity (% Xc) and impact strength. Phase 
separation correlated well with the thermal, impact and morphological properties. This 
phenomenon was observed through the appearance of PEG crystallization peak, abrupt 
decreasing of impact strength and the brittle fracture with the distribution of PEG particles 
at higher PEG content. The phase separation was observed for the L-PLA/PEG blends 
(greater than 10 wt% of PEG), the B-PLA/PEG blends (greater than 15 wt% of PEG) and 
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the L,B-PLA/PEG blends (greater than 10 wt% of PEG). Moreover, the % Xc of the 
extruded granule in each system of PLA/PEG blends correlated well to the optimum 
impact strength of the sample.  
 
Finally, the ―three phase‖ model of semicrystalline polymer can be used to explain the 
effect of the addition of PEG into PLA on the impact strength properties. The blends 
exhibited more rigid amorphous and less mobile amorphous regions at higher PEG 
concentration, which led to the improvement of impact strength. This has been described 
as the ―pillow effect‖ phenomenon. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ix 
TABLE OF CONTENTS 
 
DECLARATION ............................................................................................................ ii 
DEDICATION ............................................................................................................... iii 
ACKNOWLEDGEMENTS ........................................................................................... iv 
PUBLICATIONS ARISING FROM THIS WORK .......................................................v 
ABSTRACT ................................................................................................................... vi 
LIST OF FIGURES ..................................................................................................... xiii 
LIST OF TABLES ........................................................................................................xxi 
Chapter 1 : Introduction ..................................................................................................1 
1.1 Plastics and Environment .........................................................................................1 
1.2 Biodegradable Polymer ............................................................................................2 
1.3 Degradation and Recycle of Poly (lactic acid) Products ............................................5 
1.4 The problems of PLA‘s application ..........................................................................5 
1.5 Dissertation Objectives .............................................................................................6 
1.6 Contributions from this research ...............................................................................6 
1.6.1 Benefits to Community and Environment ..........................................................6 
1.6.2 Benefits to Industry ...........................................................................................7 
1.6.3 Benefits to Research ..........................................................................................7 
Chapter 2 : Literature Review.........................................................................................8 
2.1 Introduction of Poly (lactic acid) ..............................................................................8 
2.2 Production of PLA ................................................................................................. 10 
2.3 Properties of PLA ................................................................................................... 12 
2.3.1 Structure .......................................................................................................... 12 
2.3.2 Thermal Properties .......................................................................................... 14 
2.3.3 Crystallizations Behaviour ............................................................................... 18 
2.3.4 Rheological Properties ..................................................................................... 21 
2.3.5 Mechanical Properties ..................................................................................... 28 
2.4 Current Approaches to Improve PLA Properties ..................................................... 33 
2.4.1 PLA-Based blends ........................................................................................... 33 
2.4.2 Plasticized PLA ............................................................................................... 42 
2.4.2.1 Typical Plasticizers for PLA...................................................................... 43 
2.4.2.2 Plasticization of PLA ................................................................................ 46 
Chapter 3 : Experiment of PLA/PEG Blends ............................................................... 57 
3.1 Materials .......................................................................................................... 57 
3.2   Processing of PLA ................................................................................................ 58 
 
x 
3.3 Preparation of Branched Poly (lactic acid) (B-PLA) ............................................... 60 
3.4 Blending by Twin Screw Extrusion ........................................................................ 63 
3.5 Specimen Preparation ............................................................................................. 66 
3.5.1 Compression Moulding.................................................................................... 66 
3.5.2 Injection Moulding .......................................................................................... 67 
3.6 Characterizations .................................................................................................... 68 
3.6.1 Mechanical Properties ..................................................................................... 68 
3.6.1.1 Tensile Testing .......................................................................................... 68 
3.6.1.2 Impact Testing .......................................................................................... 70 
3.6.2 Gel Permeation Chromatography (GPC) .......................................................... 72 
3.6.3 Differential Scanning Calorimetry (DSC) ........................................................ 73 
3.6.4 Environmental Scanning Electron Microscopy (ESEM) ................................... 74 
3.6.5 Rheological Characterization ........................................................................... 77 
3.6.5.1 Steady Shear Measurement ....................................................................... 77 
3.6.5.2 Dynamic Oscillatory Shear Measurement ................................................. 78 
3.7 Error Analysis ........................................................................................................ 81 
3.7.1 Error Analysis of DSC Measurement ............................................................... 82 
3.7.2 Error Analysis of Mechanical Properties .......................................................... 83 
3.7.3 Error Analysis of Rheological Measurement .................................................... 84 
3.7.3.1 Shear Rheological Measurements ............................................................. 84 
3.7.3.2 Extensional Rheological Measurements .................................................... 88 
3.7.3.3 Melt Strength Measurements ..................................................................... 89 
Chapter 4 : Properties of L-PLA/PEG Blends .............................................................. 91 
4.1 Thermal Characterization ....................................................................................... 91 
4.1.1 Thermal Characterization of Unprocessed L-PLA and PEG ............................. 91 
4.1.2 Thermal Characterization of L-PLA/PEG Blends. ............................................ 93 
4.2 Mechanical and Morphological Characterization .................................................... 97 
4.2.1 Tensile Properties ............................................................................................ 97 
4.2.2 Impact Strength Properties ............................................................................. 101 
4.2.3 The Correlation of Impact Strength and Crystallinity. .................................... 104 
4.3 Rheological Characterization ................................................................................ 107 
4.3.1 Dynamic Shear Rheology .............................................................................. 107 
4.3.2 Steady Shear Rheology .................................................................................. 118 
Chapter 5 : Properties of B-PLA/PEG Blends ............................................................ 120 
5.1 The Properties of Unprocessed B-PLA ................................................................. 120 
5.2 Thermal Characterization of Unprocessed B-PLA and the B-PLA/PEG Blends. ... 123 
5.3 Mechanical and Morphological Characterization .................................................. 128 
5.3.1 Tensile Properties .......................................................................................... 128 
5.3.2 Impact Properties ........................................................................................... 133 
5.3.3 The Correlation of Impact Strength and Crystallinity. .................................... 137 
5.4 Rheological Characterization ................................................................................ 138 
5.4.1 Dynamic Shear Rheology .............................................................................. 138 
5.4.2 Steady Shear Rheology .................................................................................. 148 
 
xi 
Chapter 6 : Properties of L-PLA/B-PLA Blends and L,B-PLA/PEG Blends ............ 150 
6.1 Investigation of Optimal Component of L-PLA/B-PLA Blends. ........................... 150 
6.1.1 Thermal Properties of L-PLA/B-PLA Blends. ................................................ 151 
6.1.2 Dynamic Shear Rheology of L-PLA/B-PLA Blends. ..................................... 153 
6.1.3 Impact Strength and Morphological Properties of L-PLA/B-PLA Blends. ...... 158 
6.2 Properties of L,B-PLA/PEG Blends...................................................................... 161 
6.2.1 Thermal Characterization of Unprocessed L,B-PLA and the L,B-PLA/PEG 
Blends. ................................................................................................................... 161 
6.2.2 Mechanical and Morphological Characterization ........................................... 166 
6.2.2.1 Tensile Properties ................................................................................... 166 
6.2.2.2 Impact and Morphological Characterization........................................... 170 
6.2.2.3 The Correlation of Impact Strength and Crystallinity. ............................. 176 
6.2.3 Rheological Characterization ......................................................................... 178 
6.2.3.1 Dynamic Shear Rheology ........................................................................ 178 
6.2.3.2 Steady Shear Rheology............................................................................ 188 
Chapter 7 : Extensional Viscosity and Melt Strength Measurement ......................... 190 
7.1 Introduction of Extensional Viscosity Measurement. ............................................ 190 
7.1.1 The Extension Rate (Hencky Strain) .............................................................. 191 
7.1.2 Extensional Viscosity (EVF Mode) ................................................................ 192 
7.2 EVF Experiment................................................................................................... 194 
7.3 Introduction of Melt Strength Measurement ......................................................... 195 
7.4 Rheoten Experiment ............................................................................................. 199 
7.5 Influence of Long-Chain Branching on Extensional Viscosity and Melt Strength. 201 
7.5.1 Influence of Long-Chain Branching on Extensional Viscosity. ...................... 201 
7.5.2 Influence of Long-Chain Branching on Melt Strength. ................................... 203 
7.6 Result and Discussion of Extensional Rheology Characterization ......................... 208 
7.6.1. Extensional Rheology of Pure PLA in Different Chain Architectures ............ 208 
7.6.1.1 Extensional Rheology of L-PLA .............................................................. 208 
7.6.1.2 Extensional Rheology of B-PLA .............................................................. 209 
7.6.1.3 Extensional Rheology of L,B-PLA ........................................................... 211 
7.6.2. Extensional Rheology of PLA/PEG Blends................................................... 212 
7.6.2.1 Extensional Rheology of L-PLA/PEG Blends .......................................... 212 
7.6.2.2 Extensional Rheology of B-PLA/PEG Blends .......................................... 215 
7.6.2.2 Extensional Rheology of L,B-PLA/PEG Blends ....................................... 217 
7.6.3 Comparison of Extensional Viscosity of B-PLA/PEG and L,B-PLA/PEG ...... 219 
7.7 Result and Discussion of Melt Strength Characterization ...................................... 223 
7.7.1 Melt Strength of B-PLA/PEG Blends............................................................. 223 
7.7.2 Melt Strength of L,B-PLA/PEG Blends. ........................................................ 226 
7.7.3 Rheotens Characters of B-PLA/PEG Blends and L,B-PLA/PEG Blends ........ 229 
7.7.4 Apparent Extensional Viscosity from the Rheotens Measurement .................. 231 
Chapter 8 : Blown Film Extrusion of a Selected PLA/PEG Blend............................. 235 
8.1 Preparation Prior Processing (Drying) .................................................................. 235 
8.2 Blown Film Extrusion of PLA .............................................................................. 236 
 
xii 
8.3 Experimental Setup of the Blown Film PLA ......................................................... 241 
8.4 The Properties of Blown Film L,B-PLA/PEG Blend ............................................. 243 
8.4.1 Bubble Stability ............................................................................................. 243 
8.4.2 Physical Properties ........................................................................................ 245 
8.4.3 Mechanical and Morphological Properties ..................................................... 246 
Chapter 9 : The Three Phase Model and The “Pillow Effect” ................................... 248 
9.1 Introduction to Three Phase Model ....................................................................... 248 
9.2 Three Phase Model of Poly(lactic acid) ................................................................ 251 
9.3 Characterization of Three Phase Model with L-PLA/PEG Blends and                          
B-PLA/PEG Blends ................................................................................................... 252 
9.4 Characterization of Three Phase Model With L-PLA/B-PLA Blends and L,B-
PLA/PEG Blends ....................................................................................................... 257 
9.4.1 The System of L-PLA/B-PLA Blends ............................................................ 257 
9.4.2 The System of L,B-PLA/PEG Blends ............................................................ 260 
Chapter 10 Conclusions and Recommendations......................................................... 264 
10.1 Conclusions ........................................................................................................ 264 
10.2 Recommendations .............................................................................................. 268 
APPENDICES .............................................................................................................. 282 
Appendix A: The estimated entanglement molecular weight (Me) from the plateau 
modulus ( 0nG ) which calculated by Rheometrics Rhio V4.0 software. ........................ 282 
Appendix B: Materials used for this experiments ....................................................... 283 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xiii 
LIST OF FIGURES 
Fig. 1.1 Life cycle of compostable, biodegradable polymers ..............................................2 
Fig. 2.1 Synthesis of PLA from l- and d-lactic acids ......................................................... 10 
Fig. 2.2 Chemical structure of LL-, Meso-, and DD- lactides (m.p. is melting point) ........ 11 
Fig. 2.3 Non-solvent process to prepare polylactic acid .................................................... 12 
Fig. 2.4 General structure for polylactic acid (PLA) ......................................................... 12 
Fig. 2.5 A typical DSC scans of PLA ............................................................................... 15 
Fig. 2.6 Metastable states of high molecular weight amorphous poly(lactic acid) ............. 16 
Fig. 2.7 Metastable states of high molecular weight semicrystalline poly(lactic acid) ....... 17 
Fig. 2.8 Branching effects for PLA on the scaling of zero shear shear viscosity with 
molecular weight. ..................................................................................................... 22 
Fig. 2.9 Effect of molecular weight on zero shear viscosity and elasticity coefficient for 
PLLA at 200°C. ....................................................................................................... 23 
Fig. 2.10 Master curves of storage and loss modulus for PLLA at melts at 200°C. ........... 24 
Fig. 2.11 Zero shear viscosity (0) and relaxation modulus (G) of branched / linear PLA 
blends. ...................................................................................................................... 26 
Fig. 2.12 Modified Cole-Cole plot for linear (a) and star-shaped (b) PLLA melts at several 
different temperatures............................................................................................... 27 
Fig. 2.13 Mechanical properties of PLA compared to other common plastics                                
(Dorgan et al., 2000) ................................................................................................ 29 
Fig. 2.14 Stress–strain curves of blend 20 film (linear PLLA/branched PLLA 66K), SC-2 
20 film (stereocomplex of linear PLLA/branched PDLA 70K) and linear PLLA film
 ................................................................................................................................. 30 
Fig. 2.15 Tensile modulus versus clay concentration for the crosslinked polyester 
nanocomposites as determined at 23 °C and 50% relative humidity. ......................... 32 
Fig. 2.16 properties of PLA / PVAc blends. ..................................................................... 34 
Fig. 2.17 DSC curves of PLLA/PIP-g-PVAc blend. A: PLLA 100%, B: PLLA 80%, C: 
PLLA 60%, D: PLLA 40%, E: PLLA 20 %, F: grafted PIP. ..................................... 35 
Fig. 2.18 Steady shear viscosities of PLA/PBAT blends ................................................... 36 
Fig. 2.19 Mechanical properties of PLA/PBAT blends (a) stress-strain curves and (b) 
impact strength ......................................................................................................... 37 
Fig. 2.20 Storage moduli G () (a), loss moduli G() (b), and complex viscosity * (c) 
of PLA matrix and PLA/PBAT melts. Tref = 175 C ................................................. 38 
 
xiv 
Fig. 2.21 SEM images of porous blend films with different XPLLA values: (a) 0 (b) 0.3, (c) 
0.7 and (d) 1 ............................................................................................................. 40 
Fig. 2.22 Poly(ethylene glycol) chemical structure ........................................................... 43 
Fig. 2.23 The varieties of citrate structure ........................................................................ 45 
Fig. 2.24 The chemical structure of adipate ...................................................................... 45 
Fig. 2.25 Stress–strain dependencies for amorphous neat PLA ......................................... 48 
Fig. 2.26 Stress–strain dependencies for cold crystallized neat PLA ................................. 49 
Fig. 2.27 Loss modulus curves as a function of temperature from DMA runs comparing 
PLA blends with 15 wt% Tbc, Tbc-3 and Tbc-7 ....................................................... 50 
Fig. 2.28 SEM micrographs(200X) of the fractured surface of the drawn specimens: 
crosslinked PLA and the blends with 5, 10, 12.5, and 15 wt % of DOP..................... 53 
Fig. 2.29 SEM micrographs (5000X) of the fracture surfaces of the samples: crosslinked 
PLA and the blends of crosslinked PLA with 5, 10, and 15 wt % of DOP. ................ 54 
Fig. 3.1 The chemical structure of  2,5-dimethyl-2,5-di-(tert-butylperoxy)-hexane (Luperox 
101
®
or L101). .......................................................................................................... 57 
Fig. 3.2 The vacuum oven ................................................................................................ 59 
Fig. 3.3 Free radical reaction of Rex-PLA including self-branching, crosslinking and chain 
scissions. .................................................................................................................. 61 
Fig. 3.4 Reactive extrusion process diagram ..................................................................... 62 
Fig. 3.5 The Brabender Twin Screw Extruder .................................................................. 65 
Fig. 3.6 Compression Machine ......................................................................................... 66 
Fig. 3.7 The injection moulding machine MCP 100KSA. ................................................. 67 
Fig. 3.8 Schematic diagram of the stress-strain relationship from tensile test .................... 69 
Fig. 3.9 The Instron 4467 Universal testing machine. ....................................................... 70 
Fig. 3.10 Davenport impact tester. .................................................................................... 71 
Fig. 3.11 Waters Alliance GPCV2000 equipment.......................................................... 72 
Fig. 3.12 DSC TA Instrument 2920 .................................................................................. 74 
Fig. 3.13 The Quanta 200 ESEM FEG ............................................................................. 75 
Fig. 3.14 TA Instruments Advanced Rheometric Expansion System (ARES) rotational ... 80 
Fig. 3.15 DSC thermograms of neat linear PLA (second heating at heating rate of 10 
ºC/min ...................................................................................................................... 82 
Fig. 3.16 Temperature accuracy and stability of measurement of time sweep ................... 85 
Fig. 3.17 Repeatability of L-PLA/PEG blend (5 wt %) samples using dynamic frequency 
sweep at 180 °C ....................................................................................................... 87 
 
xv 
Fig. 3.18 Repeatability of Unprocessed B-PLA of strain rate 0.2 s
-1
 at 175 ºC. ................. 88 
Fig. 3.19 Repeatability tests for unprocessed L,B-PLA at 175°C and 60 mm/s
2
 of nip roller 
acceleration .............................................................................................................. 90 
Fig. 4.1 DSC Thermograms of unprocessed L-PLA (a), and (b) PEG, MW = 1000 g.mol
-1
 ................................................................................................................................. 92 
Fig. 4.2 Thermograms of L-PLA/PEG blends obtained with a heating rate of 10C /min. . 95 
Fig. 4.3 Stress-Strain curves of L-PLA/PEG blends at different PEG concentrations ........ 97 
Fig. 4.4 Effect of PEG content on tensile strength of L-PLA/PEG blends ......................... 98 
Fig. 4.5 Effect of PEG content on tensile modulus of L-PLA/PEG blends ........................ 99 
Fig. 4.6 Tensile modulus and glass transition temperature of L-PLA/PEG blends. .......... 100 
Fig. 4.7 Effect of PEG content on % strain at break of L-PLA/PEG blends .................... 100 
Fig. 4.8 Effect of PEG concentration on the impact strength of L-PLA/PEG blends ....... 102 
Fig. 4.9 SEM micrographs (1500X) of the fractured surfaces of the L-PLA/PEG blends 
with   (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20 wt% PEG ............................................ 103 
Fig. 4.10 The correlation of % crystallinity and impact strength of L-PLA/PEG blends. . 105 
Fig. 4.11 Schematic diagram of crystallinity and impact strength relationship, reproduced 
from the investigation of Ou and Cakmak (2008) ................................................... 106 
Fig. 4.12 Dependence of the storage modulus (G) and complex viscosity (*) on applied 
strain for unprocessed L-PLA at 180 °C and 10 rad/s.............................................. 108 
Fig. 4.13 L-PLA frequency sweep and steady state results at 180°C to show validity of . 109 
Fig. 4.14 The viscoelastic properties of the unprocessed L-PLA at 180°C ...................... 110 
Fig. 4.15 Time-Temperature superposition plot of unprocessed L-PLA, The master curve is 
referenced to 180°C and is constructed from isothermal curves obtained at 175 °C, 
180 C and 190°C. ................................................................................................. 113 
Fig. 4.16 The master curve of complex viscosity of L-PLA/PEG blends at various PEG 
concentrations, Tref  = 180 C. ................................................................................ 114 
Fig. 4.17 Diagram of each parameter of modified Cross fit model (RheologySchool, 2009)
 ............................................................................................................................... 116 
Fig. 4.18 Master curves of storage modulus (G) on frequency at various PEG content in L-
PLA/PEG blends, Tref  = 180 C ............................................................................. 117 
Fig. 4.19 Master curves of loss modulus (G) on frequency at various PEG content in L-
PLA/PEG blends, Tref =180 ºC ............................................................................... 117 
 
xvi 
Fig. 4.20 Dependence of shear viscosity on shear rate at various PEG content of B-
PLA/PEG blends at 180 C .................................................................................... 119 
Fig. 5.1 The molecular weight distribution of B-PLA and L-PLA .................................. 121 
Fig. 5.2 Tan δ and dynamic viscosity plots of unprocessed B-PLA and unprocessed L-PLA 
at 180 °C ................................................................................................................ 122 
Fig. 5.3 DSC thermograph of unprocessed B-PLA ......................................................... 123 
Fig. 5.4 Thermograms of B-PLA/PEG blends obtained with a heating rate of 10C /min.
 ............................................................................................................................... 125 
Fig. 5.5 Stress-Strain curves of B-PLA/PEG blends ....................................................... 128 
Fig. 5.6 Effect of PEG content on tensile strength of B-PLA/PEG blends ....................... 129 
Fig. 5.7 Effect of PEG content on tensile modulus of B-PLA/PEG blends ...................... 130 
Fig. 5.8 Tensile modulus and glass transition temperature of B-PLA/PEG blends .......... 131 
Fig. 5.9 Effect of PEG content on % strain at break of B-PLA/PEG blends .................... 132 
Fig. 5.10 Impact strength of B-PLA/PEG blends ............................................................ 133 
Fig. 5.11 Schematic of plasticization reaction and microstructure of plasticized polymer134 
Fig. 5.12 SEM micrographs (1000X) of the fractured surfaces of the B-PLA/PEG blends 
with (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20 wt% PEG .............................................. 136 
Fig. 5.13 Correlation of % crystallinity and impact strength of B-PLA/PEG blends........ 137 
Fig. 5.14 Dependence of the storage modulus (G) and complex viscosity (*) on applied 
strain for unprocessed B-PLA at 180 °C. The frequency is 10 rad/s ........................ 138 
Fig. 5.15 B-PLA frequency sweep and steady state results at 180°C to show validity of . 139 
Fig. 5.16 The frequency sweep of unprocessed B-PLA at 180 ºC ................................... 140 
Fig. 5.17 Master curves of unprocessed B-PLA samples created by time temperature 
superposition performed at temperature ranges 175, 180 and 190 ºC....................... 142 
Fig. 5.18 The master curve of complex viscosity of B-PLA/PEG blends at various PEG 
concentrations ........................................................................................................ 143 
Fig. 5.19 Master curves of storage modulus (G) on frequency at various PEG content in
 ............................................................................................................................... 146 
Fig. 5.20 Master curves of loss modulus (G) on frequency at various PEG content in B-
PLA/PEG blends, Tref  = 180 C ............................................................................. 146 
Fig. 5.21 Dependence of shear viscosity on shear rate at various PEG content of B-
PLA/PEG blends at 180 C .................................................................................... 148 
 
xvii 
Fig. 6.1 Thermograms of L-PLA/B-PLA blends obtained with a heating rate of 10C /min.
 ............................................................................................................................... 152 
Fig. 6.2 The dynamic viscosity plots of L-PLA/B-PLA blends at 180 ºC ........................ 153 
Fig. 6.3 The comparison of dynamic viscosity of L-PLA/B-PLA blends at 180 ºC ......... 154 
Fig. 6.4 Storage modulus (G) and loss modulus (G) of L-PLA/B-PLA blends at 180 ºC
 ............................................................................................................................... 157 
Fig. 6.5 The comparison of the impact strength of L-PLA/B-PLA blends. ...................... 158 
Fig. 6.6 SEM micrographs (1200X) of L-PLA/B-PLA blends at various B-PLA contents                   
(a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 40 wt%, (f) 50 wt%, (g) 70 wt%, 
(h) 90 wt%  and (i) 100 wt% . ................................................................................. 160 
Fig. 6.7 DSC thermograph of neat L,B-PLA .................................................................. 162 
Fig. 6.8 Thermograms of L,B-PLA/PEG blends obtained with a heating rate of 10C /min.
 ............................................................................................................................... 163 
Fig. 6.9 Stress-Strain curves of L,B-PLA/PEG blends .................................................... 166 
Fig. 6.10 Effect of PEG content on tensile strength of L,B-PLA/PEG blends ................. 167 
Fig. 6.11 Effect of PEG content on tensile modulus of L,B-PLA/PEG blends ................. 168 
Fig. 6.12 Tensile modulus and glass transition temperature of L,B-PLA/PEG blends. .... 169 
Fig. 6.13 Effect of PEG content on % strain at break of L,B-PLA/PEG blends ............... 169 
Fig. 6.14 Impact strength of L,B-PLA/PEG blends. ........................................................ 171 
Fig. 6.15 Impact strength of L,B-PLA/PEG blends, comparing with L-PLA and B-PLA 
systems .................................................................................................................. 172 
Fig. 6.16 SEM micrographs (1000X) of the fractured surfaces of the L,B-PLA/PEG blends 
with  (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20 wt% PEG ............................................. 174 
Fig. 6.17 SEM micrographs (1000X) of the fractured surfaces of the L,B-PLA/PEG blends 
comparing with L-PLA/PEG and B-PLA/PEG blends. ........................................... 175 
Fig. 6.18 Correlation of % crystallinity and impact strength of L,B-PLA/PEG blends .... 177 
Fig. 6.19 Dependence of the storage modulus (G) and complex viscosity (*) on applied 
strain for unprocessed B-PLA at 180 °C. The frequency is 10 rad/s. ....................... 178 
Fig. 6.20 L,B-PLA frequency sweep and steady state results at 180°C to show validity of
 ............................................................................................................................... 179 
Fig. 6.21 The frequency sweep of unprocessed L,B-PLA at 180 ºC ................................ 180 
Fig. 6.22 Storage modulus (G) and loss modulus (G) as a function of frequency () for 
unprocessed L-PLA, B-PLA and L,B-PLA at 180 ºC .............................................. 181 
 
xviii 
Fig. 6.23 Master curves of unprocessed L,B-PLA samples created by time temperature 
superposition performed at temperature ranges 175, 180 and 190 ºC, Tref = 180 ºC . 182 
Fig. 6.24 The master curve of complex viscosity of L,B-PLA/PEG blends at various PEG 
concentrations, Tref = 180 ºC .................................................................................. 183 
Fig. 6.25 Master curves of storage modulus (G) on frequency at various PEG content in
 ............................................................................................................................... 186 
Fig. 6.26 Master curves of loss modulus (G) on frequency at various PEG content in L,B-
PLA/PEG blends, Tref  = 180 C. ............................................................................ 186 
Fig. 6.27 Dependence of shear viscosity on shear rate at various PEG content of L,B-
PLA/PEG blends at 180 C..................................................................................... 188 
Fig. 7.1 The three simples types of extensional deformation : uniaxial, equibiaxial, and 
planar. .................................................................................................................... 191 
Fig. 7.2 Extensional stress and viscosity in an uniaxial extensional experiment (EVF 
Mode). ................................................................................................................... 192 
Fig. 7.3 The extensional viscosity at strain rate from 0.001 to 30 s
-1
 for LDPE at 150 ºC. 
(Münstedt and Laun, 1979)..................................................................................... 193 
Fig. 7.4 Schematic for the extensional viscosity fixture (EVF) ....................................... 194 
Fig. 7.5 Comparison of calculated and measured curves. ................................................ 196 
Fig. 7.6 The calculated Extensional viscosity of B-PLA from Rheotens software. .......... 196 
Fig. 7.7 Göttfert Rheotens melt strength tester and Capillary Rheometer. ....................... 197 
Fig. 7.8 Schematic sketch of a typical result of a Rheotens test....................................... 198 
Fig. 7.9 A four-wheeled Gottfert Rheotens 71.97 tester in combination with a High 
Pressure Capillary Rheometer used in this investigation ......................................... 200 
Fig. 7.10 Elongational viscosity for original PLA and modified sample at 160 ºC. ......... 202 
Fig. 7.11 Rheotens curves of initial PP and PP modified with different peroxides at 180 ºC. 
(Su and Huang, 2010) ............................................................................................. 204 
Fig. 7.12 Effect of ESO contents on melt strength at 160 ºC for the PLA/ESO blends. ... 207 
Fig. 7.13 Extensional viscosity versus time for unprocessed L-PLA at different strain rate 
( ), Temp = 175 ºC. .............................................................................................. 208 
Fig. 7.14 Extensional viscosity versus time for unprocessed B-PLA at different strain rates 
( )Temp = 175 ºC ................................................................................................. 210 
Fig. 7.15 Extensional viscosity versus time for unprocessed L,B-PLA at different strain 
rates ( ), Temp = 175 ºC ....................................................................................... 211 
 
xix 
Fig. 7.16 Extensional viscosity for L-PLA/PEG blends at different PEG contents ; (a) 
unprocessed L-PLA, (b) 0 wt% PEG, (c) 5 wt% PEG and (d) 10 wt% PEG, with strain 
rates   0.05, ■ 0.1, ▲0.2 and ● 1.0 s-1, Temp. = 175 ºC. .................................... 213 
Fig. 7.17 Extensional viscosity for B-PLA/PEG blends at different PEG contents; (a) 
unprocessed L-PLA, (b) 0 wt% PEG, (c) 5 wt% PEG and (d) 10 wt% PEG with strain 
rates   0.05, ■ 0.1, ▲0.2 and ● 1.0 s-1 Temp. = 175 ºC. ..................................... 216 
Fig. 7.18 Extensional viscosity for L,B-PLA/PEG blends at different PEG contents ; (a) 
unprocessed L-PLA, (b) 0 wt% PEG, (c) 5 wt% PEG and (d) 10 wt% PEG with strain 
rates   0.05, ■ 0.1, ▲0.2 and ● 1.0 s-1 Temp. = 175 ºC. ..................................... 218 
Fig. 7.19 Comparison extensional viscosity and strain hardening character of B-PLA 
system and L,B-PLA system at 1.0 s
-1
, Temp = 175 ºC. .......................................... 220 
Fig. 7.20 Strain hardening coefficient (SH coefficient) under a Hencky strain of 2.0 as a 
function of PEG content at different extensional rates............................................. 221 
Fig. 7.21 Melt strength curves of the B-PLA system as a function of pull-off speed at the 
temperature of 175 ºC. ............................................................................................ 223 
Fig. 7.22 The melt strength model predictions curves of B-PLA/PEG blends as the function 
of extensional strain. .............................................................................................. 225 
Fig. 7.23 Melt strength curves of the L,B-PLA system as a function of pull-off speed at the 
temperature of 175 ºC. ............................................................................................ 226 
Fig. 7.24 The melt strength model predictions curves of L,B-PLA/PEG blends as the 
function of extensional strain. ................................................................................. 227 
Fig. 7.25 Comparison of melt strength and drawability of B-PLA system and L,B-PLA 
system. ................................................................................................................... 229 
Fig. 7.26 Comparison of melt strength and drawability of B-PLA system and L,B-PLA 
system. ................................................................................................................... 230 
Fig. 7.27 The calculated extensional viscosity from Rheotens experiment, (a) B-PLA 
system and (b) L,B-PLA system. ............................................................................ 232 
Fig. 7.28 The slope in strain hardening region of B-PLA system and L,B-PLA system as a 
function of PEG content. ........................................................................................ 233 
Fig. 8.1 Schematic diagram of a blown film process. ...................................................... 237 
Fig. 8.2  WVTR as a function of Frost-line height and Blow-up ratio. ............................ 239 
Fig. 8.3 The bubble instability of blown film extrusion .................................................. 241 
Fig. 8.4 Blown film extruder producing L,B-PLA/PEG film .......................................... 242 
 
xx 
Fig. 8.5 Bubble stability of varying BUR in blowing film of L,B-PLA/PEG blend ......... 244 
Fig. 8.6 Comparing of the optical properties of PLA film with different BUR ................ 245 
Fig. 8.7 A schematic diagram of different orientation at different BUR .......................... 247 
Fig. 9.1 The arrangement of the three phases model of semicrystalline polymer, (lamellar 
stack model) ........................................................................................................... 250 
Fig. 9.2  The example of  Cp analysis from DSC data. .................................................. 253 
Fig. 9.3 The correlation of Xma + 2Xra and impact strength of (a) L-PLA/PEG blends and 
(b) B-PLA/PEG blends ........................................................................................... 256 
Fig. 9.4 Xma + 2Xra (a) and (b) impact strength as a function of B-PLA content in L -
PLA/B-PLA blends ................................................................................................ 259 
Fig. 9.5 The correlation of Xma + 2Xra and impact strength of L,B-PLA/PEG ................. 262 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xxi 
LIST OF TABLES 
 
Table 1.1 Types of degradable polymers ............................................................................4 
Table 2.1 Optical purity of PLA and properties ................................................................ 13 
Table 2.2 Tensile modulus, strength and elongation at break (E,,b) and crystallinity as a 
function of formulation and moulding temperature                                     . .............. 20 
Table 2.3 Mechanical properties of PLA (Naturework  Cargill Dow) ............................ 29 
Table 2.4 The investigated properties of PLA/LLDPE blends and PLLA/LLDPE blends: 39 
Table 2.5 Physical properties of non-porous and porous films .......................................... 41 
Table 2.6 Summary of the mechanical properties and glass transition temperature for the 
plasticized poly(lactic acid) systems ......................................................................... 56 
Table 3.1 Properties of PLAs and plasticizer used in this study ........................................ 58 
Table 3.2 Processing parameters for the reactive extrusion process .................................. 63 
Table 3.3 Composition of plasticization PLA with PEG ................................................... 64 
Table 4.1 Results from DSC for the L-PLA/PEG Blends .................................................. 93 
Table 4.2 shows the molecular weight of PLA at different PEG concentration ............... 115 
Table 4.3 Rheological characterization of L-PLA and plasticized PLA melts ................. 115 
Table 5.1 The characteristics of B-PLA and L-PLA ....................................................... 120 
Table 5.2 Results from DSC for the B-PLA/PEG Blends ............................................... 124 
Table 5.3 Shows the B-PLA molecular weight at different PEG concentration ............... 144 
Table 5.4 Rheological characterization of B-PLA and plasticized PLA melts ................. 145 
Table 6.1 The thermal characteristics for the L-PLA/B-PLA Blends .............................. 151 
Table 6.2 Results from DSC for the L,B-PLA/PEG Blends ............................................ 162 
Table 6.3 Molecular Weight of the L,B-PLA blends at different PEG concentration ...... 184 
Table 6.4 Rheological characterization of L,B-PLA and plasticized L,B-PLA melts. ...... 185 
Table 7.1 Set up of the extensional experiments ............................................................. 200 
Table 7.2 Tensile force of the melt, cN ........................................................................... 206 
Table 7.3 Melt strength and drawability of the sample compared with other properties of 
the samples............................................................................................................. 234 
Table 8.1 Technical specifications of the blown film line ............................................... 243 
Table 8.2 Temperature profile of the extrusion process .................................................. 243 
Table 8.3 A comparison of the tensile properties of PLA films ....................................... 246 
Table 9.1 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
L-PLA/PEG blends ................................................................................................ 253 
 
xxii 
Table 9.2 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
B-PLA/PEG blends ................................................................................................ 254 
Table 9.3 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
L-PLA/B-PLA blends............................................................................................. 258 
Table 9.4 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
L,B-PLA/PEG blends ............................................................................................. 261 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
Chapter 1 : Introduction 
 
1.1 Plastics and Environment 
The synthetic polymers have displaced metals, glasses, ceramics and wood in many 
products, especially in the area of packaging. The commodity plastics, Polyethylene (PE), 
Poly(propylene) (PP), Polystyrene (PS) and Poly(vinyl chloride) (PVC) in a variety of 
forms such as films, flexible bags and rigid containers have revolutionized the packaging 
industry. However, once these materials are discarded, they continue in the environment 
without being degraded results in a multitude of ecological and environmental concerns 
(Mohantya et al., 2000). Accordingly, the world's annual consumption of plastic materials 
has increased from around 5 million tonnes in the 1950s to nearly 100 million tonnes 
today. The disposal of plastics products also contributes significantly to their 
environmental impact. Because most plastics are non-degradable, they take a long time to 
break down, possibly up to hundreds of years although no-one know for certain as plastics 
have not existed for long enough when they are land-filled. With more and more plastics 
products, particularly plastics packaging, being disposed of soon after their purchase, the 
landfill space required by plastics waste is a growing concern. Plastic waste, such as plastic 
bags, often becomes litter. For example, nearly 57% of litter found on beaches in 2003 was 
plastic.  
There is a need to develop ―green‖ plastic packaging materials that are based on renewable 
resources, that do not involve the use of toxic or noxious components in their manufacture, 
and which allow composting to naturally occurring degradation products. Currently, most 
polymeric packaging materials are based on non-renewable fossil resources. Incineration 
of these materials makes a net contribution to atmospheric CO2 and plastics currently 
account for in excess of 20% of the nation‘s landfills. In addition, many widely used 
materials are made from noxious or toxic monomers (Dorgan et al., 2000). Biodegradable 
polymers have offered scientists a possible solution to waste-disposal problems associated 
with traditional petroleum-derived plastics. Biodegradable in this connection means 
hydrolysable at temperatures up to 50C (e.g. in composting) over a period of several 
months to one year (Gupta and Kumar, 2007). First introduced in the 1980s, biodegradable 
plastics and polymers as used in films, moulded articles, sheets, etc. (Mohantya et al., 
2000) 
 
2 
1.2 Biodegradable Polymer  
Biodegradable material (neat polymer, blended product, or composite) is obtained 
completely from renewable resources we may call it a green polymeric material. 
Renewable sources of polymeric materials offer an answer to maintaining sustainable 
development of economically and ecologically attractive technology. The innovations in 
the development of materials from biopolymers, the preservation of fossil-based raw 
materials, complete biological degradability, the reduction in the volume of garbage and 
compostability in the natural cycle, protection of the climate through the reduction of 
carbon dioxide released, as well as the application possibilities of agricultural resources for 
the production of biogreen materials are some of the reasons why such materials have 
attracted the public interest (Lo¨rcks, 1998). The life cycle of compostable biodegradable 
polymers is represented in Fig.1.1. 
 
 
 
 
 
Fig. 1.1 Life cycle of compostable, biodegradable polymers  
(Lo¨rcks, 1998) 
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Degradability is the ability of materials to break down, by bacterial (biodegradable), 
thermal (oxidative) or ultraviolet (photodegradable) action. Table 1.1 shows the different 
types of degradable polymers including degradation pathway, composition and resource of 
each type.  In order for degradable polymers to be made into functional plastic bags they 
must meet the following criteria (ExcelPlas Australia et al., 2004): 
• Be able to be formed into film; 
• Have adequate tensile strength and elongation; 
• Have adequate puncture resistance; 
• Have adequate tear resistance (not too splitty); and 
• Generally possess properties that resemble low-density polyethylene (LDPE) or                
high-density polyethylene (HDPE) in overall physical properties and rheological 
characteristics. 
 
Degradable plastics for bags are required to degrade rapidly at the end of their useful life 
while it is equally important that their mechanical properties remain essentially unchanged 
during use. There are three essential criteria for biodegradation of plastic bags (ExcelPlas 
Australia et al., 2004): 
• They must disappear and leave no visible trace; 
• This disintegration must occur in a reasonable timeframe (e.g. 3 months or 6 
months);  
• They must not leave behind any toxic residues. 
 
Some examples of commercial biodegradable polymers in the market are Polylactide 
(PLA), Poly(3-hydroxy butyrate-co-3 hydroxyvalerate) (PHBV), Starch based 
thermoplastics, and Polycaprolactone (PCL). The first three polymers are derived from 
agricultural feedstocks and the last one from petrochemical resources. All of them are fully 
compostable.  
 
In this work, of particular interest is polylactic acid (PLA). PLA has been receiving 
considerable attention lately and is viewed by many as part of the solution to addressing 
the market need for biobased materials (Kulshreshtha and Vasile, 2002, Huang, 2005). 
This is partly due to its increasing abundance, but also because it is easily recovered from 
plants, relatively inexpensive, and holds great potential to be modified and incorporated 
into polymeric blends and composites with good end uses. 
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Table 1.1 Types of degradable polymers 
(ExcelPlas Australia et al., 2004) 
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1.3 Degradation and Recycle of Poly (lactic acid) Products  
Disposing plastic waste is a huge issue that plastic industry faces around the world.  
Possible solutions to the issue include source reduction, and disposing them through 
recycling, incineration and land-filling. Further, if the resins are degradable, disposing 
options may include hydrolytic degradation, photo degradation, or biodegradation. 
Poly(lactic acid) is a biopolymer, and is readily degradable  under hydrolytic, thermal 
conditions or in enzymatic or  bacterial atmosphere. Biodegradable plastics are much 
useful in applications such as agricultural mulch films and liners where in situ degradation 
is required. Furthermore, biodegradable plastics are also useful in disposable hygiene 
products where recyclability is not a probable option. In the classical waste management  
stream, under the right conditions, poly(lactic acid) are expected to degrade to give carbon 
dioxide and water without emitting any harmful toxins. PLA articles can be readily 
hydrolyzed with water to form lactic acid, which is then purified and polymerized to 
remake prime polymer. PLA can also complete degradation occurring within only a few 
weeks under typical compost conditions. However, polymer hydrolysis and monomer 
recovery offer the preferred method for PLA recycling (Henton et al., 2005). Furthermore, 
Poly(lactic acid) is a thermoplastic which can be remelted and processed in to useful 
articles for the second time. 
 
1.4 The problems of PLA’s application 
PLA is attractive in part due to the renewable nature of the source material, the 
biocompatibility of the polymer and the potential to degrade under certain conditions. 
However, there are some drawbacks of this material. Firstly, the potential thermal 
degradation at typical processing conditions was discovered by many researchers (Daly et 
al., 2005, Conrad, 2009). This was also accelerated by the presence of ester groups that 
could be the potential transesterification reactions leading to a decrease of PLA molecular 
weights (Murariu et al., 2008). In addition, typical of aliphatic polyesters, the melt 
viscosity of PLA is not very shear-sensitive and the melt has relatively poor strength 
(Carlson et al., 1999). Moreover, like polystyrene, standard-grade PLA has high modulus 
and strength and is lacking in toughness. Another disadvantage with PLA is that the barrier 
properties (e.g., the water vapor barrier) are not as good as for the traditional polyolefins. 
These behaviours are important requirement for packaging materials such as films at room 
temperature (Drumright et al., 2000). 
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1.5 Dissertation Objectives 
This project focuses on the characterisation and modification of Poly (lactic acid,(PLA)) / 
Poly(ethylene glycol,(PEG)) blends‘ thermal, mechanical and rheological properties to 
ensure that biodegradable food packaging film could be produced from these blends. The 
optimum composition of the PLA/PEG blends, and appropriate processing conditions were 
identified through this research project. The satisfactorily modified PLA was produced by 
blown film extrusion and the evaluation of that film has been conducted. The final goal of 
this research is to produce biodegradable film instead of petroleum-based plastics in 
commodity applications. This research would be successful when performing by the follow 
objectives: 
1. To investigate the effects of adding PEG as a plasticizer in PLA of different 
chain architectures (linear, branched and linear/branched) in terms of melt 
rheology, thermal, blend morphology and mechanical properties that can be 
used in food packaging applications. 
2. To modify the rheological and mechanical properties of PLA/PEG blends by 
varying processing conditions. 
3. To study the properties of modified PLA film in terms of melt viscosity and 
mechanical properties. 
1.6 Contributions from this research 
1.6.1 Benefits to Community and Environment 
There are several community and environmental benefits from this study. These include: 
 Biodegradable polymers offer important environmental benefits through, in many 
cases, the use of renewable energy resources and reduced greenhouse gas 
emissions. An increased availability of biodegradable plastics will allow many 
consumers to choose them on the basis of their environmentally responsible 
disposal, (Henton et al., 2005). 
 The energy required to synthesis and manufacture biodegradable plastics is 
generally much lower for most biodegradable plastics than for non-biodegradable 
plastics (Mohantya et al., 2000). 
 Biodegradable articles can be readily hydrolysed with water to form lactic acid, 
which are then purified and polymerized to make prime polymer.  PLA can also be 
naturally composted into humus, carbon dioxide and water, with complete 
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degradation occurring within only a few weeks under typical compost conditions 
(Auras et al., 2004). 
1.6.2 Benefits to Industry 
Currently, many polymer industries are looking for appropriate techniques that can be used 
to produce their products using biodegradable polymers instead of petroleum-based 
plastics in commodity applications. The knowledge and experience gained from this 
research can also be applied to industrial-scale applications as well.  These include:  
 The know-how and corrections from this study may help to resolve the troubles in 
biodegradable polymer manufacturing to produce better products. 
 The understanding of the effects of adding other polymers into PLA to improve the 
flexibility and process-ability in food packaging products may extend to other 
applications such as automotive parts and consumer products as well. 
 The understanding of the process-ability and properties from this study can attract 
the commodity plastics manufacturers to increase the use of biodegradable plastics 
to produce commodity products. 
1.6.3 Benefits to Research 
The knowledge and, in particular, some experimental techniques gained from this research 
can be applied to broaden the application of PLA products.  These include: 
 The special technique of sample preparation from this investigation can be applied 
to other grade of PLA in terms of structure modification to improve some 
drawbacks of PLA or to produce the novel PLA grades.  
 Results from this research will be published in international journals and other 
publication outlets as well. This outcome can be a useful database to further 
investigate PLA modifications. 
 The results obtained from this research will also be useful to both academic and 
industrial scientists to further investigate PLA‘s properties development.  
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Chapter 2 : Literature Review 
2.1 Introduction of Poly (lactic acid) 
Poly(lactic acid) (PLA) is one of the first commodity polymers produced from annually 
renewable resources with excellent properties comparable to many petroleum-based 
plastics (Martin and Averous, 2001). Some of the environmental benefits of PLA and 
opportunities for the future are presented by Henton et al. (2005).  These include PLA 
requiring less energy to produce as well as reduced green house gas production. PLA resin 
has high mechanical properties, thermal plasticity, processing properties, and 
biocompatibility and has been proposed as a renewable and degradable plastic for uses in 
service ware, grocery, waste-composting bags mulch films, controlled release matrices for 
fertilizers, pesticides, and herbicides (Fang and Hanna, 1999 ). Furthermore, the several 
advantages of PLA can also be summarized from the literature reviews (Dorgan et al., 
2000, Auras, 2004, Henton et al., 2005). These include: 
 
 Production of the lactide monomer by fermentation of a renewable 
agricultural source (corn). 
 Production consumes quantities of carbon dioxide. 
 Significant energy savings. 
 The ability to recycle back to lactic acid (a nontoxic, naturally occurring 
metabolite) by hydrolysis or alcoholysis. 
 The capability of producing hybrid paper-plastic consumer packaging that is 
compostable. 
 Reduction of landfill volumes. 
 Improvement of farm economy. 
 The physical and mechanical properties can be manipulated through the 
polymer architecture. 
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Currently, PLA is being used as a food packaging polymer as an alternative of 
commodities plastics for short shelf life products with common applications such as 
containers, drinking cups, sundae and salad cups, overwrap and lamination films and 
blister packages. Moreover, new applications include thermoformed PLA containers being 
used in retail markets for fresh fruit and vegetables, since the mechanical properties of high 
molecular weight PLA are comparable to other commodity thermoplastics like Polystyrene 
(PS) and Poly(ethylene phthalate) (PET).  PLA possesses high transparency and is an 
excellent material for packaging.  
 
As above, various advantages of PLA has been expressed, including annually renewable 
resources, bioderadable material, greatly benefit to environment and high machanical 
properties.  However, there are some limitations of PLA applications which are difficult to 
produce and utilize PLA products.  In order for PLA to be processed on large-scale 
production lines in applications such as injection moulding, blow moulding, 
thermoforming, and extrusion, the polymer must possess adequate thermal stability to 
prevent degradation and maintain molecular weight and properties. PLA undergoes 
thermal degradation at temperatures above 200 C (Garlotta, 2001) by hydrolysis, lactide 
reformation, oxidative main chain scission and inter- or intra-molecular trans-esterification 
reactions. In packaging application, film extrusion of the polymer has to be performed, 
which is a difficult process due to the brittleness, thermal instability and low melt strength 
of PLA (Ljungberg and Wesslen, 2002).   
 
One method for altering the properties of PLA to provide greater impact strength and melt 
strength is to blend PLA with the other polymer or polymeric additives (Gajria et al., 1996, 
Zhang et al., 1996, Ljungberg and Wesslen, 2002, Anderson et al., 2003). Although such 
blends are more flexible than pure PLA, they nonetheless have a Young‘s modulus that is 
too high for many packaging applications. Additionally, the polymer and polymeric 
additives commonly employed are not degradable, which is unacceptable for degradable 
packaging materials. Importantly, all of the components of degradable packaging materials 
should be substantially complete degradation (Hansen, 2004) . 
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2.2 Production of PLA 
The basic building block for PLA is lactic acid, which was first isolated in 1780 from sour 
milk by the Swedish Chemist Scheele and first produced commercially in 1881. Currently, 
the majority of lactic acid production is based on the fermentation route.  One of the main 
drivers for the recent expanded use of PLA is attributable to the economical production of 
high molecular weight PLA polymers (greater than ~100,000 Da). These polymers can be 
produced using several techniques, including azeotropic dehydrative condensation, direct 
condensation polymerization, and/or polymerization through lactide formation (Fig.2.1).  
 
 
 
Fig. 2.1 Synthesis of PLA from l- and d-lactic acids 
(Lim et al., 2008) 
 
Azeotropic dehydrative condensation of lactic acid is a method used to yield high 
molecular weight PLA without the use of chain extenders or adjuvant (Writzk, 1997, 
Garlotta, 2001). In direct condensation, solvent is used under high vacuum and 
temperatures for the removal of water produced in the condensation. The resultant polymer 
is a low to intermediate molecular weight material, which can be used as is, or coupled 
with isocyantes, epoxides or peroxide to produce a range of molecular weights.  Whereas 
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ring-opening polymerization through lactide formation is the current method used by 
Cargill Dow LLC to obtain PLA polymers of high molecular weight for commercial 
applications (Auras et al., 2004). Lactide, the cyclic dimer of lactic acid, is formed by the 
condensation of two lactic acid molecules as follows: L-lactide (two L-lactic acid 
molecules), D-lactide (two D-lactic acid molecules) and meso-lactide (an L-lactic acid and 
an D-lactic acid molecule) see Fig.2.2. 
 
 
 
Fig. 2.2 Chemical structure of LL-, Meso-, and DD- lactides (m.p. is melting point)  
(Dorgan and Williams, 1999) 
 
After the polymerization is complete, any remaining monomer is removed under vacuum 
and recycled to the beginning of the process (Fig. 2.3) (Henton et al., 2005).  On the 
whole, commercially available high molecular weight PLA resins are produced via the 
lactide ring-opening polymerization route. 
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Fig. 2.3 Non-solvent process to prepare polylactic acid  
(Henton et al., 2005) 
 
2.3 Properties of PLA 
2.3.1 Structure 
Generally, commercial grades PLA are copolymers of Poly(L-lactic acid)(PLLA) and 
Poly(D,L-lactic acid) (PDLLA), which are produced from L-lactides and D,L-lactides, 
respectively. Fig. 2.4 shows the general structure of PLA.  
 
 
 
 
 
 
 
 
Fig. 2.4 General structure for polylactic acid (PLA) 
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PLLA is a semi-crystalline polymer whereas PDLLA is an amorphous polymer. PLLA has 
a melting point of 170–183 C and a glass-transition temperature of 55–65 C while 
PDLLA has (Tg) of 59 C.  PLA can crystallize in three forms (,  and  ) (Auras, 2004). 
The stable -form exhibits a well-defined diffraction pattern.  The -form can be prepared 
at a high draw ratio and high drawing temperature. The -form, found by epitaxial 
crystallization and it assumes the known three-fold helix of poly (lactic acid) (Cartier et al., 
2000). PLA properties are greatly dependent on the optical purity ( 
 
Table 2.1). Optical purity (OP) is a common nomenclature to describe polymers of this 
variety.  PLA with 100% L-unit, PLA 100, is partially crystalline (45-70%) with a Tm of 
around 180-184 °C (Dorgan et al., 2005, Dorgan et al., 2000). The crystallinity degree and 
Tm of PLA decrease with decreasing optical purity. PLA of less than 87.5% optical purity 
are amorphous (Dorgan et al., 2000).  
 
 
Table 2.1 Optical purity of PLA and properties  
(Huang, 2005) 
 
% L form  
of PLA 
Tg, °C,  
(DSC) 
Tm, °C,  
(DSC) 
ΔHƒ,  
J/g 
Density,  
g/cm
3
 
100 60 184 - - 
98 61.5 176.2 56.4 1.26 
92.2 60.3 158.5 35.8 1.26 
87.5 58 ND ND - 
80 57.5 ND ND 1.26 
45 49.2 ND ND 1.27 
ND: Amorphous 
 
PLA is known to undergo thermal degradation when exposed to elevated temperature, 
leading to the formation of lactide monomers.  Tsukegi et al. (2007) reported that at 
temperature less than 200C, conversion of PLLA into meso-lactide and oligomers was 
minimal. However, above this temperature, the formation of meso-lactide became quite 
significant (4.5 wt% at 200 C and 38.7 wt% at 300 C for 120 min heating).  
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Therefore, suitable PLA resin grade is important to match the conversion process 
conditions used. Usually, PLA articles which require heat-resistant properties can be 
injection moulded using PLA resins of less than 1% d-isomer. In contrast, higher d-isomer 
contents (4–8%) would be more suitable for thermoformed, extruded, and blow moulded 
(e.g., injection moulded pre-form for blow moulding) products, since they are more easily 
processed when the crystallinity is low (Henton et al., 2005). 
 
2.3.2 Thermal Properties 
The thermal properties of PLA may be determined by Differential Scanning Calorimetry 
(DSC), Thermogravimetric Analysis (TGA) and Dynamic Mechanical Analysis (DMA). A 
typical DSC scan of PLA is presented in  
Fig. 2.5. The glass transition temperature Tg around 60–70 C is followed by melting 
behaviour between 150 and170 C. They require processing temperatures in excess of 
185–190 C (Garlotta, 2001). At these temperatures, unzipping and chain scission 
reactions leading to loss of molecular weight, as well as thermal degradations, are known 
to occur. The most widely used method for improving PLA process-ability is based on 
melting point depression by adding a small amount of D-lactide to the L-lactide to obtain 
PDLLA. Unfortunately, the melting point depression is accompanied by a significant 
decrease in crystallinity and crystallization rate (Garlotta, 2001). The enthalpy of melting 
(Hm) for a pure crystal (100% crystallinity) was calculated through extrapolation to be 
93.7 joules/gram, with practical Hm in the 40–50 joules/gram range, yielding polymers 
with 37–47% crystallinity (Fisher et al., 1973).  
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Fig. 2.5 A typical DSC scans of PLA 
 
 
For amorphous PLA, the glass transition temperature (Tg) is one of the most important 
properties of polymers since it defines the use temperature range for many applications. 
Baker et.al., (2008) summarised the variation of the reported Tg of PLA that the reasons for 
the spread in the Tg data might depends on the sample history, the method used to observe 
Tg, the molecular weight of the polymer, the presence of plasticizers, and polymer 
architecture. In addition, the Tg is sensitive to the tacticity of the PLA backbone, and for 
stereoregular polymers, the degree of crystallinity. The glass transition temperature is also 
determined by the proportion of different lactides present. This results in PLA polymers 
with a wide range of hardness and stiffness values. In general, the glass transition 
temperature of PLA can be represented by a Flory-Fox (Equation (2.1) 
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TT             (2.1)      
     
Where g is the Tg at infinite Mw and K is a constant representing the excess free volume 
of the end groups of the polymer chains and nM  is the number average molecular weight. 
The values of g   and K are around 57–58 C and (5.5–7.3)×10
4
 as reported in the 
literature for PLLA and PDLLA, respectively (Jamshidi et al., 1988). 
 
 
 
 
 
Fig. 2.6 Metastable states of high molecular weight amorphous poly(lactic acid)  
(Auras et al., 2004) 
 
 
A representative case of high molecular weight amorphous PLA is shown in Fig.2.6. 
Below the -relaxation temperature, T, PLA polymers are completely brittle. Between T 
and Tg the amorphous PLA can show brittle or ductile behaviour. Next, PLA changes from 
rubbery to viscous and is mainly dependent on the molecular weight and the shear stress. 
Finally, amorphous PLA decomposes between 215 and 285 C.  Therefore, amorphous 
PLA properties depend in part on how far below Tg the article is used or stored. 
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For semicrystalline PLA, the melting temperature is a function of the processing conditions 
and the stereochemistry of the polymer.  
Fig. 2.7 shows a typical high molecular weight semicrystalline PLA.  
 
 
 
Fig. 2.7 Metastable states of high molecular weight semicrystalline poly(lactic acid)  
(Auras et al., 2004) 
 
 
The crystalline melting temperature, Tm, depends on the presence of mesolactide in the 
structure which produces a depression of the melting temperature as Equation (2.2) 
 
mm WCT 300175 

            (2.2)     
 
     
where Wm is the fraction of meso lactide and 175 C is the melting temperature of PLA 
made of 100% L-lactide (Writzk, 1997). For semicrystalline PLA, Tg indicates the 
transition between brittle and ductile fracture. The maximum practically obtainable melting 
point of stereochemically pure PLA (either L- or D-) is around 180 C. A reduction in the 
melting temperature of between 20 and 50 C can be obtained by the addition of D-lactide 
to the polymer structure.  
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The thermal history of PLLA films strongly affects their physical properties since it 
induces changes in crystallinity (i.e., long physical aging time affects the ratio of the glassy 
amorphous phase). Tsuji and Ikada (1993) prepared PLLA films which they annealed. 
They found that PLLA polymer morphology strongly depended on the annealing 
temperature and time since it alters the spherulite size and morphology. In addition, 
annealing effects depend on pretreatments such as melting before annealing. Annealing 
studies of poly (L-lactic acid) at 448 K (175º C) showed an increase in melting temperature 
and heat of fusion with annealing time, suggesting an increase in lamellar thickness. 
 
2.3.3 Crystallizations Behaviour 
PLA can be either amorphous or semicrystalline depending on its stereochemistry and 
thermal history. The crystallinity of PLA is most commonly determined using the 
differential scanning calorimetry (DSC) technique. By measuring the heat of fusion Hm 
and heat of crystallization  Hc, the crystallinity can be determined based on the equation 
(2.3) : 
 
        100
1.93
(%) 


cm
HH
ityCrystallin                        (2.3)   
 
where the constant 93.1 J/g is the Hm for 100 % crystalline PLLA or PDLA 
homopolymers. Naturally, poly(lactic acid) is a slower-crystallizing material similar to 
poly(ethylene terephthalate). Long annealing times at temperatures higher than the glass 
transition temperature (Tg) produce more perfect crystals and higher-melting crystals (Tsuji 
and Ikada, 1993).  
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Accordingly, the crystallization behaviour of PLA has been studied in detail by many 
researchers. Di Lorenzo (Di Lorenzo, 2005b) has studied the crystallization behaviour of 
poly(L-lactic acid) (PLLA). The rates of PLLA have been measured in a wide temperature 
range, using both isothermal and non-isothermal methods. That could be summarized as 
follows: 
 The crystallization rate of PLLA is unusually high at temperatures between 100 and 
118 C. 
 The high crystallization rate of PLLA below 120 C has to be ascribed to the high 
rate of radial growth of the spherulites, whose origin has still to be clarified. No 
particular increase of nucleation rate has been evidenced in this temperature range. 
 The discontinuity in crystallization rate would not be associated to morphological 
changes in PLLA spherulites, as revealable by optical microscopy. 
 
However, possible three routes were considered to develop crystallinity (Li and Huneault, 
2007). The first one is to add a nucleating agent that will lower the surface free energy 
barrier towards nucleation and thus initiates crystallization at higher temperature upon 
cooling. A second possibility is to add a plasticizer which will increase the polymer chain 
mobility and will enhance the crystallization rate by reducing the energy required during 
crystallization for the chain folding process. Finally, a third possibility is to play with the 
moulding conditions, in particular moulding temperature and duration.  
 
As shown in Table 2.2, it was not possible to prepare fully crystallized neat PLA but 
formulation with 1% talc could be fully crystallized when using a high mold temperature. 
A second observation considers the effect of the plasticizer. In the absence of talc, the 
molded samples were nearly amorphous regardless of the plasticizer contents or molding 
temperature. Polyethylene glycol (PEG) and acetyl triethyl citrate (ATC) were shown to be 
efficient plasticizers that increased the achieved crystallinity even at high cooling rates 
when used in combination with talc. The crystallization rate of the developed formulation 
was sufficient to obtain fully crystallized parts in an injection molding cycle. However, this 
required the use of hot molds in the 70-100 C range. 
Table 2.2 Tensile modulus, strength and elongation at break (E,,b) and crystallinity as a function of formulation and moulding temperature                                     
(Li and Huneault, 2007). 
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2.3.4 Rheological Properties 
The literature reports a wide variety of processes and products using PLA, spanning from 
high orientation processes such as fibre spinning and oriented films to lower orientation 
processes such as thermoforming and foams. The time scales of these processes are very 
different. Considerations for material flow characteristics, orientation, and crystallization 
must be made to gauge and predict the resulting properties of the products made from these 
processes. Intrinsic factors affecting the flow characteristics of PLA are molecular weight 
distribution, degree and type of branching, optical composition, optical block length 
distributions, and melt stability. Furthermore, rheological properties are necessary to 
develop constitutive equations that describe the behaviour of the melt in various 
deformation histories and are needed in the simulation of melt processing. Of special 
importance is the nonlinear visco-elastic behaviour of these melts (Ramkumar and 
Bhattacharya, 1998). Also, visco-elastic properties are important in addressing melt 
instabilities such as draw resonance and necking that arise in some polymer processing 
operations. 
 
PLA are a family of polyesters available via fermentation from renewable resources and 
are the subject of considerable recent commercial attention. PLA, like many 
thermoplastics, is a pseudoplastic, non-Newtonian fluid. Above the melting point, PLA 
behaves as a classic flexible-chain polymer across all optical compositions. PLA‘s zero 
shear viscosity and shear thinning behaviour have been measured by a variety of groups 
(Drumright et al., 2000, Dorgan and Williams, 1999, Yamane et al., 2004). The melt 
viscosities of high-molecular-weight PLA are between 5,000 to 10,000 poise (500–1000 
Pa-s) at 10 to 50 reciprocal seconds. The weight-average molecular weights (Mw) of these 
PLA grades, determined by gel permeation chromatography (GPC), are about 100,000 Da. 
for injection moulding to about 300,000 Da. for cast-extruded film grades. The processing 
temperature of PLA is dependent on the melt viscosity, which depends on the weight-
average molecular weight, the amount of plasticizer, the shear rate,  the type of melting 
process and the amount of energy put into the polymer (Garlotta, 2001).  
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The rheological properties have been studied by several researchers. The most 
comprehensive studies of linear and branched PLAs in the melt were performed by Dorgan 
and his group (Dorgan and Williams, 1999, Dorgan et al., 2000, Palade et al., 2001, 
Dorgan et al., 2005) who found that PLA from a 98:2 ratio of the L to D enantiomeric 
monomers, the entanglement molecular weight is approximately 9,000 g per mole (Me  
8,700 g/mol) while the molecular weight for branch entanglement is inferred to be nearly 
35,000 g per mole (Mb 34,600 g/mol). In addition, the zero shear viscosity (0) of the 
linear material apparently increases with molecular weight with the 4.6 power. Fig. 2.8 
shows the relationships between these zero shear viscosities and the weight averaged 
molecular weights for each of the three polymer architectures. As expected, they also 
observed the branched viscosity being lower than the linear architecture for the low 
molecular weight materials but higher for larger molecular weights. An additional finding 
of this study was that the ratio of the molecular weight for branch entanglement to the 
entanglement molecular weight is roughly four (Mb  4Me). 
 
 
Fig. 2.8 Branching effects for PLA on the scaling of zero shear shear viscosity with 
molecular weight. 
(Dorgan and Williams, 1999) 
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In comparison Cooper-White and Mackay (1999) reported that PLLA melts with molecular 
weights ranging from 2,000 to 360,000 have a critical molecular weight for entanglement, 
Mc, of approximately 16,000 g/mol, and an entanglement density of 0.16 mmol/cm
3
 at 25 
°C. PLLA melts show power law exponents for 0 of 4.0 instead of the theoretical value of 
3.4 (Fig.2.9) whilst the equilibrium compliance (Je0) is independent of MW in the terminal 
region. Furthermore, they also found that as molecular weight increase, the Newtonian-like 
behaviour is shortened. This is believed to be due to the higher amount of entanglements 
and thus longer relaxation time of high molecular weight PLA.   
 
 
 
 
 
Fig. 2.9 Effect of molecular weight on zero shear viscosity and elasticity coefficient for 
PLLA at 200°C. 
(Cooper-White and Mackay, 1999) 
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The observed behaviour for the PLA is typical in that the viscous nature is dominant at low 
frequencies (i.e. G > G) and the elastic characteristics are dominant at high frequencies 
(i.e. G > G). The crossover frequency can be used to determine a characteristic relaxation 
time of a polymer by taking the inverse of the crossover frequency, based on the 
generalized linear viscoelastic (GLVE) and Maxwell models. For the PLA, the crossover 
frequency is approximately 100 rad/s, which corresponds to a characteristic relaxation time 
of 0.01 s. The relaxation time of a material is important in rheology and processing 
because it provides a time scale for how long it takes to relax after a deformation or stress 
is applied (Morrison, 2001). The crossover frequency for PLA typically ranges between 
60-200 rad/s, which corresponds to relaxation times of 0.005-0.0167 sec. (Ramkumar and 
Bhattacharya, 1998, Cooper-White and Mackay, 1999, Dorgan et al., 2000). 
Comparison of the Master Curves for all molecular weights were tested by Cooper-White 
and Mackay (1999), shown in Fig.2.10, indicates an increasing melt elasticity (G) with 
molecular weight, even leading towards a possible rubber-like plateau for the very high 
molecular weight. In addition, the adherence of the storage and loss modulus data in the 
low frequency region (long time region) to slopes of two and one have been observed, 
respectively.  
 
 
Fig. 2.10 Master curves of storage and loss modulus for PLLA at melts at 200°C.  
(Cooper-White and Mackay, 1999). 
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The lack of an apparent rubber plateau in the melt phase, especially with decreasing 
molecular weight, is in fact observed for many polyesters, for example, poly(caprolactam) 
(PCL) and poly(ethylene terephthalate) (PET), and is thought to be due to the lower 
molecular weight materials crystallizing below their melting point (i.e., low temperatures 
extend the high frequency testing range and crystallization affects the rheological 
measurement). Higher frequencies could not be used due to limitations of the rheometer, 
thus, tests below Tm and time–temperature superposition were needed to extend the 
frequency range in order to observe the start of the plateau region for the higher molecular 
weight PLLAs. In the plateau region or ―rubbery‖ zone, (G) for high molecular weight 
polymers is constant, independent of frequency and molecular weight, and is denoted as 
the plateau modulus G0
n
. With increasing molecular weight, the maximum relaxation times 
are increased as shown in Fig.2.10 (the reciprocal of crossover frequency). It is well 
understood that the viscoelastic properties in the terminal zone are dominated by the 
terminal relaxation time and is itself determined by long-range motions in which a 
molecule of high molecular weight may be constrained by the order of 100 entanglements 
(Ferry, 1980). 
 
The rheological properties can be developed through modifying chain architecture, 
blending with other polymer and compounding with additives. Many routes for 
introduction of branching into the polymer chain architecture, such as multifunctional 
polymerization initiators, hydroxycyclic ester initiators, multicyclic ester, and crosslinking 
via free radical addition have been used to enhance the rheological properties of PLA 
(Dorgan et al., 2000, Ouchi et al., 2006, Zhang and Zheng, 2007, Dorgan and Williams, 
1999).  It is well known that branched compounds have different physico-chemical 
properties compared with their linear counterparts owing to their molecular architecture. 
Long-chain branches predominantly affect the viscoelasticity of fluidity range, decrease 
the viscosity, and increase the elasticity. On the other hand, short chain branches 
predominantly affect the crystallinity.  
 
 
 
 
 
26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.11 Zero shear viscosity (0) and relaxation modulus (G) of branched / linear PLA 
blends. 
(Lehermeier and Dorgan, 2001) 
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For a linear architecture, the Cox-Merz rule is valid for a large range if shear rates and 
frequencies are accessible. Both zero-shear viscosity and elasticity (measured by the 
recoverable shear compliance) increase with increasing branched content. For the linear 
chain, the compliance is independent of temperature, but this behaviour is apparently lost 
for the branched PLA (Dorgan et al., 2000). Chain branching and molecular weight 
distribution have significant effects on the rheological behaviours of PLA melts. For 
example, a consistent viscosity reduced the variation of complex viscosity with 
temperature at a molecular weight of Mw = 1,000,000 by approximately 2/3 of the previous 
value for every 10 C increase (Dorgan et al., 2000).  In another study from the same 
research group, the stabilizing effect of tris(nonylphenyl) phosphate was explained by 
using the time-temperature superposition technique, showing that this compound is greatly 
able to  prevent the degradation reactions in  linear and branched PLA blends (Lehermeier 
and Dorgan, 2001).  As increasing linear content, the shear thinning was increase because 
branched PLA shear thinned stronger than the linear PLA.  Furthermore, they found that 
addition of branched PLA also increased both of the zero shear viscosity and relaxation 
modulus as shown in Fig. 2.11. 
 
                                  
                                          (a)                                                                        (b) 
Fig. 2.12 Modified Cole-Cole plot for linear (a) and star-shaped (b) PLLA melts at several 
different temperatures 
(Kim et al., 2004) 
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In addition, the structural effects of linear and star-shaped PLA have been reported by Kim 
et.al. (2004)  who found that rheological properties of the branching points seemed to play 
an important role and the star-shaped PLLA showed very different rheological responses 
from the linear one. For both PLLA melts, the modified Cole–Cole plot (Fig. 2.12) gave 
slope less than 2. Between two PLLA polymers the star-shaped PLLA gave smaller slope 
than the linear one. Since the star shaped one exhibited more noticeable shear thinning 
behavior and greater dependence of rheological properties on temperature than the linear 
one. In other words, the linear PLLA brings about only a little change in chain 
conformation with temperature but the star-shaped one undergoes some conformational 
change with temperature. 
 
2.3.5 Mechanical Properties 
Mechanical properties reflect the cumulative effects of molecular weight, orientation of 
molecular chains and crystallinity that develop during the processing. In addition chain 
branching architecture has a significant effect on mechanical properties.  
PLLA is crystalline whereas PDLLA is completely amorphous biodegradable polymer. 
Because of the crystallinity, PLLA of same molecular weight has better mechanical 
properties than PDLLA. PLLA has more ordered and compact structure and hence it has 
better mechanical properties and longer service time. However, the annealed PLLA has 
better mechanical properties than un-annealed PLLA (Perego et al., 1996) because of 
higher degree of crystallinity resulted by annealing, while degree of crystallinity depends 
on many factors, such as molecular weight, thermal and processing history, and the 
temperature of time of annealing treatments. The mechanical properties of PLA can be 
varied to a large extent ranging from soft, elastic plastic to stiff and high strength plastic. 
With the increase of molecular weight the mechanical properties also increase. With the 
increase of molecular weight of PLLA from 23k to 67k, flexural strength increased from 
64 to 106 MPa but the tensile strength remains the same at 59 MPa (Perego et al., 1996). In 
the case of poly(DL-lactide) when molecular weight is increased from 47.5k to 114k  
tensile and flexural strength increased 49–53 MPa and 84–88 MPa, respectively. The 
various properties of PLA are listed in Table 2.3 (Doi and Steinbuchel, 2002) and the 
comparison properties of PLA with the commodity plastics are shown in Fig. 2.14. 
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Table 2.3 Mechanical properties of PLA (Naturework  Cargill Dow) 
(Doi and Steinbuchel, 2002) 
Properties ASTM 2002D 2100D PLA Resin 
Specific gravity   
Melt index, (g/10min (190 C/2.16 
K) 
Clarity 
Tensile strength at break psi (MPa) 
Tensile yield strength, psi (MPa) 
Tensile Modulus, kpsi (GPa) 
Tensile elongation, % 
Notched izod impact, ft-lb/in (J/m) 
Shrinkage  
D792 
D1238 
- 
D882 
D882 
D882 
D882 
D256 
- 
1.24 
4-8 
Transparent 
7700 (53) 
8700 (60) 
500 (3.5) 
6.0 
0.24 (12.81) 
Similar to 
PET 
1.30 
5-15 
Opaque 
8100 (56) 
9000 (62) 
500 (3.5) 
3.0 
0.37 (19.8) 
- 
1.24 
10-30 
- 
7000 (48) 
- 
- 
2.5  
0.3 (0.16) 
- 
 
One drawback of PLA is the brittleness of the homopolymer when processed using 
standard melt processing conditions. As indicated in Fig. 2.13, PLA tensile elongation (4-
7%) and nothed Izod impact values (ca. 0.46 ft-lb/in) are rather low, and similar to PS, 
which is also a brittle polymer. PLA‘s brittleness limits its use in applications where 
mechanical toughness is required, such as screws and plates for fracture fixation or 
appliance castings and car parts. In order for PLA materials to be suitable for these types of 
applications, toughening schemes and improved composites are needed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.13 Mechanical properties of PLA compared to other common plastics                                
(Dorgan et al., 2000) 
RMIT University Sl ide 2
Figure 1. Physical properties of PLA compared to other common plastics.
D organ J.R., Lehermeier  H.J. and Mang M.(2000), ―Thermal and Rheological Properties of Commercial-Grade Poly(Lactic  Ac id)s‖ , 
J ournal of Polym ers and the Environment, 8(1),1 -9.
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From the previous study, chain branching architecture has a significant effect on 
mechanical properties. Biodegradable branched PLLA by bulk polymerization of LA using 
polyglycidol as a macro-initiator was performed by Ouchi et.al. (2006). They found that 
the branched PLLA or PDLA film exhibited a lower glass transition temperature (Tg), 
melting temperature (Tm), crystallinity, Young‘s modulus and a higher strain at break than 
the corresponding linear PLLA or PDLA film. Moreover, the usefulness of branched 
PLLA or PDLA as a plasticizer of linear PLLA was investigated with 1:9 blend prepared 
from the branched PLLA or branched PDLA and linear PLLA. The blend showed a higher 
strain at break compared with linear PLLA film as shown in Fig. 2.14. 
 
 
Fig. 2.14 Stress–strain curves of blend 20 film (linear PLLA/branched PLLA 66K), SC-2 
20 film (stereocomplex of linear PLLA/branched PDLA 70K) and linear PLLA film 
(Ouchi et al., 2006) 
 
Furthermore, additives can help to modify the mechanical properties of PLA to meet the 
requirements for different applications. However, due to its biodegradability and bio-
compatibility, ideal additives of PLA should be non toxic, because any additives used in 
PLA will soon leak into environmental. Besides, if PLA is used in medical or food contact 
products, non-toxic will be the vital factor. Plasticizers are commonly employed modifiers 
to improve the flexibility and decrease the cracking tendency of PLA product. The details 
of development in plasticization of PLA will be discussed in the Section 2.4.2.  
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However, mineral fillers also tends to increase modulus of polymer, thus flexibility of final 
product decreases, besides, they also increase viscosity of  the melt during processing and 
cause more degradation especially when subjected to high shear rate. Other modifiers 
include nucleating agents, which decrease crystal size, anti-blocking agents which prevents 
lamination of films and improve the mechanical properties by increase the density of cross-
linking points. 
 
Recently, polymer nanocomposites have been investigated by many researchers because 
they often exhibit remarkably improved mechanical and various other performances 
compared with virgin polymers (Ray et al., 2003, 2003b). Organically modified layered 
silicate (Ray et al., 2003, 2003b) is used for PLA-based nanocomposites preparation. The 
nanocomposites exhibit superior improvement in properties, such as mechanical modules, 
thermal stability, crystallization behavior, gas barrier property, and biodegradability, 
because of the interaction between the clay particles and the PLA matrix.  
 
Lee at al. (2003) reported the MMT content dependence of tensile modulus of PLLA 
nanocomposites scaffolds. Lee and his group suggested that the layered silicates of MMT 
could act as a mechanical reinforcement of polymer chains. According to them, the 
crystallinity and the glass transition temperature of PLLA nanocomposites were lower that 
pure PLLA, but the modulus was significantly increased due to the addition of clay. 
Moreover, Bharadwaj et al. (2002) used the combination of morphology and extent of 
crosslinking to understand the unexpected result of tensile modulus with clay content in the 
polyester-clay nanocomposites. As seen in the Fig. 2.15, tensile modulus firstly decreased 
with increasing clay content, and then the value for 2.5 wt% nanocomposites dropped 
expectedly. It was proposed that the intercalation and exfoliation of the clay in the 
polyester resin effectively decrease the degree of crosslinking. 
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Fig. 2.15 Tensile modulus versus clay concentration for the crosslinked polyester 
nanocomposites as determined at 23 °C and 50% relative humidity. 
(Bharadwaj et al., 2002) 
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2.4 Current Approaches to Improve PLA Properties 
The most objectives of the material development were to improve thermal and mechanical 
properties and subsequently improve the flow properties (viscosity and melt strength). For 
PLA film, most researches were investigation of crystallization rate, heat stability and 
elongation. The next is to improve the bio-degradability of PLA film. The approaches to 
improve mechanical properties of PLA film could be produced through increasing the 
orientation and blending with the other polymers. While improvement in rheological 
properties and process-ability of PLA blown film, especially viscosity and the melt 
strength of PLA were temperature control the die during the production, blending PLA 
with the other polymers, the addition of heat stabilizer, adding viscosity enhancer and 
introducing branched structure on to PLA molecular chains.  
2.4.1 PLA-Based blends  
PLA has been blended with numerous different types of polymers (synthetic, organic, 
miscible, and immiscible) mainly for the reason of improving the ductility and rheological 
properties of PLA. From the literature, it has been found that only a limited number of 
polymers are able to form miscible blends with PLA. The following literature reviews are 
the investigation of PLA based blends. 
 
Gajria et al. (1996) found that Polyvinyl acetate (PVAc) is the alternative polymer that 
shows miscibility with PLA by the detection of a single Tg. The addition of low 
concentrations of PVAc (5-30%) can increase the tensile properties to values higher than 
that of the pure PLA as shown in Fig.2.16. 
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Fig. 2.16 properties of PLA / PVAc blends. 
 (Gajria et al., 1996) 
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Furthermore, studies of enzymatic degradation showed that PVAc decreases the rate of 
degradation of PLA. Subsequently, Jin et al., (2000) prepared blending of PLA with 
polyisoprene (PIP) using solution blending. The blends were dissolved in chloroform. By 
adding 20 wt% polyisoprene the toughness actually decreased compared to the pure PLA. 
This was due to incompatible blends indicated by the presence of two Tg's.  Hence, they 
tried to prepare PIP-graft-vinyl acetate copolymer in order to improve its compatibility 
with PLLA. The blends still had two Tg's as shown in Fig. 2.17.  However, Tg of PLLA 
decreased as the amount of the graft copolymer was increased. It was, therefore, concluded 
that the PVAc moiety of the graft copolymer had diffused into the PLLA phase. In 
addition, the PLLA / PIP-graft-PVAc blend showed improved tensile properties, compared 
to the PLLA/PIP blend, and the elongation and toughness values of the PLLA/PIP-graft-
PVAc were much higher than those of PLLA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.17 DSC curves of PLLA/PIP-g-PVAc blend. A: PLLA 100%, B: PLLA 80%, C: 
PLLA 60%, D: PLLA 40%, E: PLLA 20 %, F: grafted PIP. 
(Jin et al., 2000) 
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Jiang et al., (2006) have studied blending PLA with Poly(butylene adipate-co-
terephthalate) (PBAT) becomes a natural choice to improve PLA properties without 
compromising its biodegradability. PBAT is a flexible (strain at break > 700 %) 
biodegradable aliphatic-aromatic polyester produced by BASF under the trademark of 
Ecoflex.  In this study, PLA and PBAT were melt blended using a twin screw extruder. 
Melt elasticity and viscosity of the blends increased with the concentration of PBAT as 
shown in Fig. 2.18. Although rheology data indicate a higher viscosity of PBAT than PLA 
at 180 °C, the addition of PBAT was found also to increase the process-ability of PLA in 
extrusion.  Due to the low Tm of PBAT (120 C), it melted from the first section of the 
barrel and then acted as lubricant to help transfer PLA pellets. As such, the screw torque 
and extrusion pressure were reduced. However, from DSC results indicated that the blend 
is an immiscible two phase system and the addition of PBAT could enhance the cold 
crystallization of PLA at 10 °C/min. This was demonstrated by narrower cold 
crystallization peaks and lower peak temperatures. In terms of mechanical properties, the 
stress-extension curve showed the material changed from brittle (PLA) to ductile failure 
and the significant improvement of impact strength at 10% or higher of PBAT addition 
(Fig. 2.19). 
 
 
 
Fig. 2.18 Steady shear viscosities of PLA/PBAT blends 
(Jiang et al., 2006) 
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(a) 
(b) 
Fig. 2.19 Mechanical properties of PLA/PBAT blends (a) stress-strain curves and (b) impact 
strength 
(Jiang et al., 2006) 
 
38 
Subsequently, Gu et al. (2008 ) have also studied the melt rheology of PLA / PBAT blends.  
From dynamic modulus, storage modulus (G) increased with addition of PBAT at low 
frequency.  The complex viscosities (*) of PLA/PBAT melts showed stronger shear 
thinning tendency at all frequencies. The slopes of G() and G() for all PLA/PBAT 
melts were considerably lower than neat PLA melt as shown in  
Fig. 2.20. The lower slope values and higher absolute values of dynamic moduli indicated 
the formation of entanglement structures in PLA/PBAT melts. 
 
 
Fig. 2.20 Storage moduli G () (a), loss moduli G() (b), and complex viscosity * (c) 
of PLA matrix and PLA/PBAT melts. Tref = 175 C 
(Gu et al., 2008 ) 
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The PLLA-PE block copolymer was introduced as a compatibilizer to PLA/PE melt 
blending (Anderson et al., 2003). To toughen the amorphous PLA, the PLLA–PE (30–30) 
block copolymer was necessary to add into PLA/LLDPE blends for compatibilization 
purposes. With the semi-crystalline PLA blends, significant toughening was seen in the 
absence of a compatibilizer. The investigated behaviours have shown in Table 2.4. In the 
past, the study by Joziasse et al. (1994) also found a difference in the toughening that could 
be achieved between semi-crystalline and amorphous PLA blends, but the differences were 
not investigated.  In this study, the tacticity effects on either, the entanglement molecular 
weight of PLA or the degree of miscibility of PLA with LLDPE have been supposed to be 
the differences between the PLA/LLDPE and the PLLA/LLDPE binary blends. 
 
Table 2.4 The investigated properties of PLA/LLDPE blends and PLLA/LLDPE blends: 
adapted from Anderson et al. (2003) 
 
PLA
a
: LLDPE: 
PLLA-PE block
b 
PLLA-PE  
block used 
LLDPE particle  
Size (µm) 
Izod impact 
resistance (J/m) 
100 : 0 : 0   12 ± 4 
80 : 20 : 0  6.4 34 ± 1 
80 : 20 : 5 (5-30) 4.3 36 ± 5 
80 : 20 : 5 (30-30) 0.9 ± 0.1 460 ± 60 
 
PLLA
c 
: LLDPE: 
PLLA-PE block 
PLLA-PE  
block used 
LLDPE particle  
Size (µm) 
Izod impact 
resistance (J/m) 
100 : 0 : 0   20 ± 2 
80 : 20 : 0  2.8 ± 1.3 350 ± 230 
80 : 20 : 5 (5-30) 1.9 ± 0.2 510 ± 60 
80 : 20 : 5 (30-30) 0.9 ± 0.2 660 ± 50 
a  refers to amorphous PLA 
b given in weight ratios of the components. 
c  refers to semi-crystalline PLA 
 
In addition, PLA-blend-PCL (Polycaprolactone) materials are very interesting because of 
their wide variety of physical properties and biodegradability, in which the glassy PLA 
with high degradation rate shows better tensile strength, while the rubbery PCL with much 
slower degradation rate shows better toughness. Miscibility, morphological, and 
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mechanical studies have been performed on these blends and have shown immiscible 
phases at elevated temperatures (Meredith and Amis, 2000) along with decreased tensile 
behavior with PCL addition. Moreover, Tsuji and Horikawa (2007) also found that the 
porous PLLA-blend-PCL-blend-PEG films were successfully prepared by the water-
extraction of PEG. Increasing PLLA content decreased the pore size of the blend films 
(Fig.2.21) and pore formation of porous films obviously increased with the increased 
crystallinity of PLLA, except for low PLLA content.  The porous films from this blending 
gave a wide variety of tensile properties such as Young‘s modulus in the range 0.07–1.4 
GPa and elongation at break in the range 3–380% as shown in Table 2.5.  Profitably, the 
combination of pore formation and PLLA/PCL blend enhanced the enzymatic degradation 
of PLLA due to the diffuse ability of the enzyme into the gaps between PLLA-rich phase 
and PCL-rich phase.  Subsequently, the chain cleavage of PLLA and that pore formation 
can increase the degradable PLLA surface area per unit mass.  
 
 
 
 
Fig. 2.21 SEM images of porous blend films with different XPLLA values: (a) 0 (b) 0.3, 
(c) 0.7 and (d) 1 
(Tsuji and Horikawa, 2007) 
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Table 2.5 Physical properties of non-porous and porous films 
(Tsuji and Horikawa, 2007) 
 
 
 
Recently, polyhydroxyalkanotes (PHAs) has become the alternative material to incorporate 
with PLA due to its renewable origins and environmental degradability.  From 1994 to 
2007, Procter and Gamble developed a series of PHA copolymers with poly(3-
hydroxybutyrate) (3HB) and small concentrations of medium chain length (mcl) 
comonomers with side groups of at least three carbons, marketed under the tradename 
Nodax (Noda et al., 2005). PHAs have a semi-crystalline structure, with a degree of 
crystallinity ranging from 20 to 80%. From the literature, most investigations have focused 
on the miscibility, morphology, crystallinity and mechanical properties of this blend 
(Zhang et al., 1996, Yu et al., 2006, Schreck and Hillmyer, 2007). PLA and PHA formed a 
partially miscible blend when the weight average molecular weight of the PLA is less than 
20,000 Dalton but form a completely immiscible system at higher molecular weights (Yu 
et al., 2006). Noda et al. reported properties of PLA and Nodax
TM
, a PHA comprised of 
3HB and other medium-chain-length 3-HA‘s (Noda et al., 2004). They found that the 
energy for breaking the film was increased from 0.2 to 1.9 N.m. with only 10 wt% 
Nodax
TM
; however, addition more amount of Nodax
TM
 resulted in a decreased in energy to 
break.  Moreover, the enhancement of degradation rate of this blend has been observed 
because the PHA degrades faster.  
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In the binary system of PLA and Poly (ethylene oxide), (PEO) (Nijenhuis et al., 1996) 
reported that up to 50 wt% of PEO, all blends showed single (Tg). In their study, the 
equilibrium melting points of PLA in the blends decreased with increasing PEO wt%, 
which suggests that PLA and PEO are compatible in the amorphous phase. 
2.4.2 Plasticized PLA 
A plasticizer is a material incorporated in a plastic to increase its workability and its 
flexibility or elongation. Sometimes the plasticizer may not be added as a separate material 
but may be produced in situ by cleaving occasional polymeric molecules to produce 
smaller ones. According to theory, plasticization on the molecular level is the weakening 
or rupturing of selective bonds, between molecules, while leaving others strong, to make 
possible the shaping, flexing, or molding of the material. Accompanying this, there is 
increased intermolecular space (free volume), which makes room for the change in shape. 
(Sears and Darby, 1982) 
 
The following statements are the benefit from plasticization (Marcilla and Beltrán, 
2004) : 
 Plasticizer lowers Tg and makes material more flexible. 
 Plasticizer interacts with the polymer chains on the molecular level as to speed up 
its visco-elastic response (or increase chain mobility). 
 In packaging, a plasticizer is a substance added to materials to impart flexibility,  
workability, and elongation. 
 Plasticizer is an ink additive that adds flexibility, softness, and adhesion. 
 A food's texture and rheological properties are improved through the addition of a  
plasticizer. 
 Specialty plasticizers impart characteristic properties such as flame retarding, low  
temperature flexibility, or resistance to weather conditions. 
 External plasticizer is a plasticizer which is added to a resin or compound, as  
opposed to an internal plasticizer which is incorporated in a resin during the  
polymerization process. 
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2.4.2.1 Typical Plasticizers for PLA 
Poly(lactic acid) is rigid and brittle below the glass transition temperature (Tg) which is in 
the range of 50 - 60 C so plasticization is the good alternative in its various applications. 
Plasticizers are frequently used, not only to improve the process-ability of polymers, but 
also to increase the flexibility and ductility of glassy polymers. To be useful, plasticizers 
must decrease the glass transition temperature of the polymer, meaning the plasticizer and 
polymer must be miscible (Sears and Darby, 1982). Typically, amounts from 10 to 20wt% 
plasticizers are required to provide a substantial reduction of the glass transition 
temperature (Tg) of the PLA matrix and adequate mechanical properties. The preferred 
plasticizer for PLA can be any biodegradable product, sufficiently nonvolatile, with a 
relatively low molecular weight to produce a desired decrease in Young‘s modulus value 
and increase in impact strength. 
 
 Poly(ethylene glycol)(Sears and Darby, 1982, Wypych, 2004) 
This is a very broad group containing monomeric and polymeric compounds which 
may be classified as plasticizers or, in some cases, as slow evaporating solvents. 
The following chemical formulas (Fig.2.22) describe structures of these materials: 
 
 
            Fig. 2.22 Poly(ethylene glycol) chemical structure 
 
The low molecular weight compounds up to 700 are colourless, odourless viscous 
liquids with a freezing point from -10 C (diethylene gycol), while polymerized 
compounds with higher molecular weight than 1,000 are waxlike solids with 
melting point up to 67 C for n = 180. One common feature of PEG appears to be 
the water-soluble. It is soluble also in many organic solvents including aromatic 
hydrocarbons (not aliphatics).  They are used to make emulsifying agents and 
detergents, and as plasticizers, humectants, and water-soluble textile lubricants. 
This molecule is the focus of much interest in the biotechnical and biomedical 
communities. The molecular commonly used in biomedical and biotechnology 
applications range from a few hundred to approximately 20,000. Since PEG is 
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usually prepared by anionic initiation process with few chain-transfer and 
termination steps, molecular weight distributions generally observed to be narrow. 
PEGs are sometimes referred to as poly(ethylene oxide) (PEO), poly(oxy-ethylene) 
(POE), and polyoxirane. In general usage, poly(ethylene glycol) refers to polyols of 
molecular weights below about 20,000, poly(ethylene oxide) refers to higher 
molecular weight polymers and poly(oxy ethylene) and poly(oxirane) are not 
specific in this regard.  
 
PEGs possess a variety of properties pertinent to biomedical and biotechnical 
applications. A summary of these properties is given here, with applications as 
well. The following is a brief listing of some properties of interest. 
1. Soluble in water, toluene, methylene chloride, many organic solvents. 
2. Insoluble in ethyl ether, hexane, ethylene glycol. 
3. Insoluble in water at elevated temperature. 
4. Highly mobile, large exclusion in water. 
5. Can be used to precipitate proteins and nucleic acids. 
6. Nontoxic; FDA approved for internal consumption. 
7. Hospitable to biological materials. 
 
 Citrate (Sears and Darby, 1982) 
Citrates are specialty plasticizers that offer better biodegradability and less 
biochemical affects, and thus found applications in PVC blood bags; controlled 
release pharmaceutical drugs, gums, products that comes contact with food such as 
food wrap etc. Wide varieties of citrate based plasticizers are developed over the 
years. Presently, citric acid based plasticizers are one of the major contenders to 
replace phthalates (especially targeted to replace Dioctyl Phthalate (DOP)). Some 
properties of materials plasticized with citrates can match those of DOP plasticized 
PVC but the cost of their production is substantially higher. Citrates are extracted 
from flexible PVC at a higher rate than DOP and trimellitates. Eudragit, which is a 
choice polymer in pharmaceutical coatings, having controlled release or sustained 
release properties, performs its functions very well when plasticized with triethyl 
citrate. The concentration of plasticizer can be used as the parameter that regulates 
the release rate. Fig.2.23 shows the varieties of citrate structure.  
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Triethyl citrate (TEC)     Acetyl tributyl citrate (ATBC)  
 
          Fig. 2.23 The varieties of citrate structure 
 
 
 Adipate (Wypych, 2004) 
The esters of adipic acid have the following chemical structure: 
 
 
 
Fig. 2.24 The chemical structure of adipate 
 
Esters of adipic acid constitute an important group of plasticizers. Two major 
applications of these plasticizers include products which perform at low 
temperatures and cling film. Lower chain esters of adipic acid are used as high-
boiling, biodegradable, low-toxicity solvents and antiperspirants. Longer chain 
esters are used as lubricants offering stable lubricity, corrosion protection, 
biodegradability, and performance properties at both high and low temperatures. 
They are used as intermediates to produce other chemical compounds. For 
example, to produce the family of adipate plasticisers, esterification of 2-
ethylhexanol with adipic acid yields Di-2-ethylhexyl adipate (DEHA), also known 
as di-octyl adipate (DOA). It is a light colored, oily liquid generally used as a 
plasticizer for PVC and is sometimes blended with other plasticizers such as DOP. 
DOA features flexibility at low temperatures, good electrical properties, good 
resistance to weathering, and good stability to heat. DOA is used to produce clear 
films for food packaging applications. 
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 Oligomeric lactic acid (Futerro, 2010) 
Lactic acid oligomers are formed from lactic acid, a renewable material produced 
by fermentation of sucrose or glucose. Due to their production method and origin, 
oligomers formed from lactic acid are completely natural and fit perfectly within 
the framework of green chemistry. Lactic acid is a chiral molecule with two optical 
isomers (L(+) and D(-)) so lactic acid oligomers will also present these two forms. 
L(+) lactic acid is the biologically important isomer. Lactic acid or lactide 
oligomers are used in the following added-value domains: 
 Substitution of waxes, oils and oligomers currently used in the formulation 
domain. 
 Polymerisation or copolymerisation of new and existing polymers.  
 Synthesis of new products in such sectors as binding agents and inks. 
 
 
2.4.2.2 Plasticization of PLA 
The choice of polymers or plasticizers to be used as modifiers for PLA is limited by the 
requirements of the application. For packaging and hygiene applications, only nontoxic 
substances approved for food contact and personal care can be considered as plasticizing 
agents. There are numerous other demands put on the plasticizers, but the following ones 
are especially important. The plasticizer should be miscible with PLA, thus creating a 
homogeneous blend. The plasticizer should not be too volatile because this would cause 
evaporation to occur at the elevated temperatures used at processing (Ren et al., 2006). 
Furthermore, the plasticizer should not be prone to migration because this would cause 
contamination of the materials in contact with the plasticized PLA. It would also cause the 
blended material to regain the brittleness of pure PLA. It is well-known that for instance 
the monomer, lactide itself, is considered as one of the best plasticizers for PLA (Sinclair, 
1993, Jacobsen and Fritz, 1999), but it has the disadvantage to migrate very rapidly at the 
polymer surface. Therefore, different plasticizer systems have been studied to find out 
other alternatives: glucose monoesters and partial fatty acid esters (Sheth et al., 1997), 
glycerol esters (Ljungberg and Wesslen, 2002), citrates (Baiardo et al., 2003) and even 
higher molecular weight plasticizers like poly(ethylene glycol) (Kulinski and Piorkowska, 
2005, Pillin et al., 2006, Shuichi Tanoue et al., 2006).  The following literature reviews are 
the investigation of plasticization of poly(lactic acid): 
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Jacobsen and Fritz (1999) investigated the plasticized PLA, with 2.5 – 10 wt% of 
PEG (MW = 1.5 x 10
3
) by melt blending.  They found that the addition of PEG to 
PLA led to a decrease of both tensile strength and elasticity modulus but an 
increase of percentage elongation at break. Adding 10 wt% PEG resulted in an 
enhanced impact resistance of more than five times that of a pure PLA.   
 
Lactide monomer is a good candidate to plasticizing PLA but it tends to migrate to 
the material‘s surface causing a stiffening of the films in time. By adding 17.3 wt% 
of lactide to PLA, the strain at break increase to 288 % (Sinclair, 1993) . 
Unfortunately, lactide tends to migrate to the surface of the PLA and as the result 
the polymer eventually stiffens due to loss of lactide (Jacobsen and Fritz, 1999). 
 
Recently, Kulinski et al. (2005) demonstrated the plasticization with PEGs having 
different end groups. The effect of different end groups on the plasticization of both 
amorphous and semicrystalline PLA was studied. The crystallization, structure, 
thermal and tensile properties of PLA and PLA with 5 and 10 wt% of plasticizers 
were explored. No marked effect induced by different end groups of plasticizers 
was found. All the plasticizers used decreased Tg and increased the ability of PLA 
to cold crystallization. While an amorphous plasticized PLA could be deformed to 
about 550%, a semicrystalline PLA with the same total plasticizer content exhibited 
non-uniform plasticization of the amorphous phase and less ability to the plastic 
deformation. Nevertheless, a 20% elongation at break was achieved for a 
semicrystalline PLA with 10 wt% of the plasticizer.Stress-strain curves of 
plasticized amorphous and semicrystalline specimens are shown in Fig. 2.25 and 
Fig. 2.26, respectively. 
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Fig. 2.25 Stress–strain dependencies for amorphous neat PLA 
(Kulinski and Piorkowska, 2005). 
 
Moreover, Piorkowska and co-workers (2006) reported plasticization of amorphous 
PLA with two poly(propylene glycol)s (PPGs) differing in molecular weight. PPGs 
are viscous liquids with molecular weight of 425 g/mol (PPG4) and 1000 g/mol 
(PPG1). According to Ref. (Piorkowska et al., 2006), in PLA/PPG1 blends the 
phase separation was the most intense and led to the formation of PPG1 droplets, 
which facilitated plastic deformation of the blends and enabled to achieve the 
elongation at break of about 90 -100% for 10 and 12.5 wt% PPG1 content in spite 
of relatively high Tg of PLA rich phase of the respective blends, 46.1 - 47.6 C.  
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Fig. 2.26 Stress–strain dependencies for cold crystallized neat PLA  
(Kulinski and Piorkowska, 2005). 
 
Ljungberg and Wesslen studied the blending of PLA and tributyl citrate (TbC) and 
two oligomers of TbC (Ljungberg and Wesslen, 2002, 2003) that were synthesized 
by transesterification of tributyl citrate (TbC) and diethylene glycol (DEG). All the 
investigated plasticizers decreased the glass transition temperature of PLA, and the 
reduction was the largest with the plasticizer having the lowest molecular weight. 
Phase separation occurred at the higher the molecular weight of the plasticizer, the 
lower the saturation concentration. There is also a tendency toward phase 
separation of the plasticizer after heat treatment at 50°C of the samples. Aging of 
the blends at room temperature for several months induced partial phase separation 
in the material as well. The reason for this is presumably the increase in 
crystallinity, which occurs during the heat treatment. Increasing amounts of 
plasticizer give increased crystallinity of the blends, whereas the melting 
temperature of the blends decreases by 10°C, regardless of plasticizer 
concentration. It was observed that the morphological stability of the blends was 
enhanced when the plasticizer concentration was reasonably low, i.e. 10–15 wt%. It 
is clearly shown in  
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Fig. 2.27 that at 15 wt% both TbC and TbC-3 were seemingly compatible with 
PLA, while TbC-7, however, displayed an additional loss peak at 220 C. Since the 
T of the PLA/TbC-7 blend was depressed relative to the value obtained for neat 
PLA the additional loss peak indicated that a partial phase separation had occurred. 
These results are consistent with a study on block copolymers of PLA and 
polycaprolactone (Maglio G et al., 2003) where the depressed Tg of the copolymer 
as compared to neat PLA indicated that the segments were partially miscible 
despite the crystallization-induced phase separation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.27 Loss modulus curves as a function of temperature from DMA runs comparing 
PLA blends with 15 wt% Tbc, Tbc-3 and Tbc-7 
(Ljungberg and Wesslen, 2003) 
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Recently,  PLA plasticized with PEG in various contents have shown the 
miscibility of the polymer with the plasticizer decreases with increasing molecular 
weight of PEG (Pillin et al., 2006). It appeared that for PLA/PEG blends containing 
higher than 20 wt% of plasticizer approach a limit of miscibility and the glass 
transition temperature (Tg) reaches a plateau value.  PEGs exhibit lower interaction 
parameters ( < 0.5) with PLA than other plasticizers and yield better fit with Fox 
relation (Equation 2.4). Therefore, this system can be considered as miscible ones 
and no phase separation is expected and, therefore, only one glass transition 
temperature has to be found. 
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        (2.4)        
 
where Tg is the glass transition temperature of the blends, and Tg1 and Tg2 are those 
of the blends‘ components. w1 and w2 are the weight fractions. 
 
Scandola et al. (2003) investigated the use of acetyl tri-n-butyl citrate (ATBC) as a 
plasticizer for poly(lactic acid). Similar to Labrecque et al. (1997) they found that 
while a significant increase in elongation at break could be achieved (300% vs. 
1.8%) the tensile modulus and tensile strength were both adversely affected by 
ATBC. Baiardo et al. also looked at PEG as a polymeric plasticizer. The miscibility 
of the PEG with PLA was dependant on the molecular weight of the PEG, with the 
lower molecular weight PEG being miscible over a wider range of compositions. 
Within the miscible compositions, the lower molecular weight PEG gave the 
greatest improvement in elongation at break at the lowest composition. With as 
little as 10 wt% of 400 g mole 
-1
 PEG, the elongation at break increased up to 
140%. However, once again both the tensile modulus and tensile strength, although 
not as significantly as with ATBC. 
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Tanoue and coworkers (Tanoue et al., 2006) investigated ternary melt blended 
composites of PLLA and clay with PEG. Two organoclays with different types of 
intercalated ions (dimethyl benzyl stearyl ammonium in clay A, and dimethyl 
ammonium for Clay B) were investigated, as were two different molecular weights 
of PEG (2 kg/mol and 300-500 kg/mol). Since mechanical properties were poor for 
the composites with higher molecular weight PEG, these will not be discussed 
further. For blends with 5 wt% of 2K PEG and 5 wt% of either clay, the modulus 
remained close to that of PLLA homopolymer (as compared to the previously 
discussed PLA/PEG blend (Jacobsen and Fritz, 1999) with 5 wt% PEG, which 
experienced nearly a 33% drop). Tensile strength and elongation at break values for 
the ternary blends varied depending upon the type of clay used. The 
PLLA/PEG/Clay A blend showed decreases in both categories compared to PLLA, 
while the PLLA/PEG/ Clay B blend demonstrated improvement for both.  
 
Wu et al.(2008) have demonstrated that the crosslinking structures of PLA could be 
initiated by dicumyl peroxide (DCP) in the presence of small amount of 
crosslinking agent (TAIC), and crosslinked PLA with significantly improved 
thermal stability and enhanced tensile strength. However, the crosslinked PLA 
became much more rigid and brittle with rather low ability to plastic deformation 
because of the crosslinking structure. This may further limit the applications of 
PLA such as packaging materials. Therefore, the combination usage of crosslinking 
and plasticizing (Yang et al., 2009) have been used to improved both the thermal 
stability and the ability to plastic deformation of PLA to meet the requirements for 
further applications. They found that the chemical crosslinked PLA plasticized with 
DOP obviously shows an increase of the ability to plastic deformation and a 
decrease of the apparent viscosity due to the enhanced segmental mobility of PLA 
chains caused by the presence of DOP, increasing with the DOP content. Both the 
DSC and DMA data indicated that the DOP increased the ability of crosslinked 
PLA to crystallize, which was manifested by a decrease of the cold crystallization 
temperature and an increase of the crystallinity. The phase separation occurred 
when the content of DOP exceeded 12.5 wt %, which prevented a further decrease 
of Tg without reducing the ductility of the materials. Therefore, both the thermal 
stability and the ability to plastic deformation of PLA were simultaneously 
improved by the combined usage of chemical crosslinking and plasticizing. 
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According to Fig. 2.28, the micrographs of drawn PLA-0 reveal rather brittle 
fracture surfaces with little plastic deformation and pronounced plastic deformation 
could be observed on the fracture surfaces of higher DOP content. At high DOP 
concentration voids are also observed on the fracture surfaces which are 
corresponding to phase separation caused by a local accumulation of DOP in the 
amorphous phase of the blend during the crystallization of PLA as shown in Fig. 
2.29. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.28 SEM micrographs(200X) of the fractured surface of the drawn specimens: 
crosslinked PLA and the blends with 5, 10, 12.5, and 15 wt % of DOP 
(Yang et al., 2009) 
 
 
54 
 
 
Fig. 2.29 SEM micrographs (5000X) of the fracture surfaces of the samples: crosslinked 
PLA and the blends of crosslinked PLA with 5, 10, and 15 wt % of DOP. 
(Yang et al., 2009) 
 
The use of commercially available adipates as plasticizing agents of PLLA/PDLLA 
was explored by Martino et al.(2006). The aims of this investigation were to obtain 
stable films with enhanced mechanical and thermal properties, able to be applied in 
packaging formulations. The results revealed that DOA (the lowest molar mass 
compound) and G206/7 (the highest molar mass compound) were the less efficient 
plasticizers as a result of plasticizers diffusion and eventually phase separation at 
compositions higher than 10 mass%. The best results were found for G206/3.  
However, since it is well reported that long-term aging can induce cold 
crystallization in plasticized PLLA/PDLLA films with Tg values near room 
temperature. Ultimately, polyadipates with low molar mass showed a promising 
behaviour to overcome the brittleness in PLLA/PDLLA films. 
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To sum up, from the literature review there are some limitations associated with the 
processing of PLA due to its properties. For example, in packaging application, film 
extrusion of the polymer has to be performed. This can be a difficult process to carry out 
due to the brittleness, thermal instability and low melt strength of PLA (Ljungberg and 
Wesslen, 2002). The approaches to improve mechanical properties of PLA film are the 
increase in film orientation and blending with other polymers (Jiang et al., 2006, Tsuji and 
Horikawa, 2007). Other improvement techniques included rheological properties and 
process-ability of PLA, especially viscosity and the melt strength of PLA by blending PLA 
with the other polymers, the addition of heat stabilizer, adding viscosity enhancer and 
introducing branched structure on to PLA molecular chains (Yang et al., 2008, Xu and Qu, 
2009, Liu et al., 2010). 
 
In the case of using plasticizers, poly(ethylene glycol) is a frequently chosen miscible 
blend partner for PLA, owing to both its biocompatibility as well as hydrophilicity. 
Therefore, an earlier literature review has indicated that most studies have barely 
investigated the effects of addition PEG into PLA at different chain architectures in terms 
of rheological properties, which are known to play important roles in polymer processing.  
Therefore, this project focuses on the characterisation and modification of Poly (lactic 
acid,(PLA)) / Poly(ethylene glycol,(PEG)) blends‘ thermal, mechanical and rheological 
properties to ensure that biodegradable food packaging film could be produced from these 
blends. PEG as a plasticizer with low molecular weight (MW=1000) has been blended with 
PLA of different chain architectures in content of 0, 5, 10, 15 and 20 wt%. Then, the 
significant properties in terms of thermal, mechanical, blend morphological and melt 
rheological properties were characterized to be useful for food packaging applications.  
 
Table 2.6 gives a summary of the mechanical properties and glass transition temperature 
for the plasticized poly(lactic acid) systems. 
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Table 2.6 Summary of the mechanical properties and glass transition temperature for the plasticized poly(lactic acid) systems 
Materials Plasticizers Ref.  y  
(MPa) 
b 
(%) 
E  
(GPa) 
Tg 
( C ) 
PLLA+PDLLA - (Veronica P. Martino 
et al., 2006) 
32 5 2.3 `55.1 
PLLA+PDLLA 20% DOA 18 >250 1.0 28.3 
PLA - 
(Sheth et al., 1997) 
40 10 - 57 
PLA 50% PEG (20,000)  20 10 - N/A 
PLA - 
(Baiardo et al., 2003) 
66 1.8 3.3 60 
PLA 10% PEG (400) 32.5 140 1.2 23 
PLA 15% PEG(1,500) 23.6 216 0.8 27 
PLA 20% PEG(10,000) 22.1 130 0.7 34 
PLA 15% ATBC 21.3 299 0.1 24 
PLA - 
(Jacobsen and Fritz, 
1999) 
58 3 3.7 50 
PLA 10%PEG(1,500) 28 180 1.3 30 
PLA 10% Fatty acid ester 45 7 3.0 40 
PLA 10% glucose monoester 38 12 2.5 45 
PLA - 
(Pillin et al., 2006) 
64 3.0 2.84 59 
PLA 10% PEG(1,000) 39.6 2.7 1.97 40.2 
PLA 20% PEG(1,000) 21.6 200 0.29 22.4 
PLA 20% PBOH 30.2 302 0.35 30.1 
PLA 20% DBS 23.1 269 0.43 26.1 
PLA 20% ACM 27.1 335 0.035 24.3 
X-PLA* - (SEN-LIN YANG et 
al., 2009) 
78.9 5.63 1.87 61.3 
X-PLA 15% DOP 45.8 224 1.3 41.3 
* X-PLA refer to cross linked PLA
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Chapter 3 : Experiment of PLA/PEG Blends  
 
In the first part of this research the significant properties of PLA and blend systems are 
investigated with respect to their molecular chain architectures. Each of the blend systems 
is targeted on three molecular parameters as linear PLA, long-chain branching PLA and 
linear/branched blend structure. 
3.1 Materials 
The Linear Poly(lactic acid, L-PLA) (4032D-grade, biaxially oriented films) from 
NatureWorks produced by Cargill Dow LLC, used in this study, comprised of 2 % D-LA 
content. PLA (4032D) can be converted into a biaxially oriented film with use 
temperatures up to 150 °C (NatureWorksLLC, 2005b). This film has excellent optics, good 
machine ability and excellent twist and dead fold. These properties make 4032D film an 
ideal product for laminations and other packaging applications. Additional properties 
include barrier to flavour and grease and oil resistance. 
 
Branched PLA (B-PLA) was produced directly from L-PLA by reactive extrusion; the 
production of branched PLA will be discussed in the next section. The reactive 
modification of PLA was performed using a peroxide initiator 2,5-dimethyl-2,5-di-(tert-
butylperoxy)-hexane (Luperox 101
®
or L101) obtained from Aldrich Chemical Company, 
Inc. It is bifunctional, aliphatic peroxide providing highly energetic free radicals on 
decomposition. In addition, this peroxide has moderate cross linking efficiency and 
feasible for transparent and UV stable articles. The chemical structure is shown in Fig.3.1. 
Luperox L101 is FDA approved as food additive and interestingly is characterized by a 
half life below 1 min in the extrusion temperature range, thus around 180 °C.  
 
 
Fig. 3.1 The chemical structure of  2,5-dimethyl-2,5-di-(tert-butylperoxy)-hexane (Luperox 
101
®
or L101). 
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A Poly (ethy1ene-glycol), PEG 1000, supplied by Sigma-Aldrich., was used. It is a solid at 
room temperature with a molecular weight of 1000 and has a melt temperature of 40C, as 
determined by a DSC measurement with heating/cooling rates of 10 C/min. PEG is 
produced to meet the requirements of the National Formulary (NF) monograph for drug 
applications and the Food Chemicals Codex (FCC) monograph for certain food and feed 
applications. The materials used and their properties are listed in Table 3.1. 
 
Table 3.1 Properties of PLAs and plasticizer used in this study 
 
Materials 
 
Mw  
(g/mol) 
Mn  
(g/mol) 
Tm  
(C) c 
Tg 
(C)c 
MFI
d 
(g/10 min.) 
1. Linear Poly(lactic acid) 
NatureWorks 4032 D (L-PLA) 
160,000 
a 
87,000 
a 
169 61 7.72 
2. Branched Poly(lactic acid)
 
(B-PLA)
 210,000 
a 
85,100 
a 
169 63 5.6 
3. Poly(ethylene glycol) (PEG) 1,000 
b 
-
 
40 -70 - 
a Determined by Gel Permeation Chromatography (GPC) versus polystyrene standards. 
b As stated by the manufacturer. 
c  Determined by Differential Scanning Calorimetry (DSC). 
d Determined by Melt Flow Indexer 
 
3.2   Processing of PLA 
Many bio-based resins can be processed on conventional plastic moulding equipment and, 
depending on the properties of the specific resin, can be converted into many types of 
plastic products. These include, but are not necessarily limited to single use items for 
example, compost bags (lawn and leaf), disposable food-service items (cutlery, plates, 
cups), packaging materials, for example, loose fill, films, but they also include more 
durable products like coatings, e.g., laminations, paper coatings, and other injection 
moulded and sheet extruded products (phone and other cards and sheet printed plastics). 
The desired properties of the product generally determine the relative amounts of additives 
used in the resin. Processing of agriculturally-based materials to mimic plastics remains a 
largely unexplored area (Mohantya et al., 2000). 
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PLA can be processed by injection moulding, sheet extrusion, blow moulding, 
thermoforming and film forming. Natureworks LLC commercialized PLA polymer under 
the name of Natureworks for extrusion, thermoforming, cast film, blown film and 
injection stretch blow moulded bottles and containers (Gruber and O‘Brien, 2002).  
All PLA is subjected to hydrolysis when heated in the presence of water. Therefore, drying 
is required to prevent a loss in properties. it readily absorbs moisture from the atmosphere. 
The presence of even small amounts of moisture will hydrolyse PLA in the melt phase, 
reducing the molecular weight. As a result, the mechanical properties of PLA decrease and 
the end-product quality is compromised. Therefore, PLA must be thoroughly dried just 
prior to melt processing. In many cases, recycled PLA may also have to be crystallized 
prior to drying (NatureWorksLLC, 2005a). Due to the rapid rate of moisture pick-up of 
PLA, any regrind that has been stored needs to be dried adequately, prior to re-extrusion. 
Most processors of recycled PLA choose to crystallize the recycle in order to eliminate any 
problems with drying. Crystallization permits trouble-free drying in conventional 
equipment at 65 - 88 °C. Amorphous PLA requires drying at much lower temperatures 43 
– 55 C, to prevent sticking in the dryer. The vacuum oven used in this work is shown in 
Fig. 3.2. 
 
 
Fig. 3.2 The vacuum oven 
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PLA must be dried to less than 250 parts per million (ppm) of moisture and maintained at 
this moisture level to minimize hydrolysis during melt processing (NatureWorksLLC, 
2005a). It is absolutely essential for PLA. A dry resin will help control the relative 
viscosity (RV) loss, which should be less than 0.1. A reduction in RV greater than this can 
result in a product outside of the useful range for several extruded PLA applications. 
Controlling RV loss is critical to maintaining impact strength, melt viscosity, and other key 
properties of the starting material (NatureWorksLLC, 2005a). 
 
3.3 Preparation of Branched Poly (lactic acid) (B-PLA) 
Peroxide melt-modification of PLA has been found to cause drastic change in a number of 
properties of the polymer. Branching has been suggested to be the domain structural 
change in PLA at peroxide amounts in the range of 0.1-0.25 wt% and also cross linking at 
peroxide additions above 0.25 wt% (Sodergard, 1998). The peroxide reactions increased 
the melt strength of the branched PLA. Morphological changes occurred in the peroxide 
modified PLA as a result of a reduced crystallization rate. The tensile modulus was 
reduced and a more flexible material was obtained (Sodergard, 1998). The morphological 
changes also resulted in a faster hydrolytic degradation (Sodergard et al., 1996). 
 
In absence of peroxide, the simple extrusion of PLA triggers a drastic degradation of the 
polyester chains as evidenced by the decrease of both molecular weights (Mn from ca.          
120, 000 down to ca. 80,000) (Raquez et al., 2006). Actually the free-radical chain 
branching of PLA more likely occurs by hydrogen radical abstraction in α position of 
carbonyl groups followed by radical addition onto the carbon–carbon double bond of the 
enolate forms in equilibrium within the polyester chains (Fig. 3.3). At larger extent, cross-
linking and microgel formation may take place. Furthermore, free-radical chain scissions 
might occur and participate in the chain branching process as well. 
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Fig. 3.3 Free radical reaction of Rex-PLA including self-branching, crosslinking and chain 
scissions. 
(Raquez et al., 2006) 
 
 
 
 
 
 
 
 
 
 Position 
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In order to introduce branched structure into PLA molecules has been conducted by the 
follows details: 
The Branched PLA has been produced directly from PLA (4032D) in the presence of 0.25 
wt% of organic peroxide. 2,5-Dimethyl-2,5- di-(tert-butylperoxy) hexane (Luperox L101) 
from Sigma-Aldrich was used as the organic peroxide. Luperox L101 is FDA approved as 
food additive and interestingly is characterized by a half life below 1 min in the extrusion 
temperature range (Raquez et al., 2006, Carlson et al., 1999). The self-branching reaction 
has been conducted in a co-rotating twin-screw extruder (screw diameter of 30 mm and 
L/D ratio of 42) as shown in Fig.3.4, at a temperature ranging from 160 to 190 °C with 
screw speed at 100 rpm and flow rate at 7.5 kg/hour, all conditions as shown in Table 3.2. 
PLA was metered into barrel one of the extruder with single screw, loss-in-weight feeder. 
The organic peroxide was delivered to barrel of the extruder with an ISCO syringes pump 
(Pump Series 500D) at zone 7, injection rate at 0.58 ml/min. with injection pressure at 2.12 
MPa. Moreover, the extruder was supplied a vacuum at zone 10 at pressure of 0.028 MPa 
so that all light components resulting from reactions were removed continuously. The exit 
of the extruder was fitted with a die head, 2 strands with 3 mm diameter, with pressure of 3 
MPa. The strands were cooled continuously by water cooling and then were conveyed to 
palletiser and drier, respectively. 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
Fig. 3.4 Reactive extrusion process diagram 
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Table 3.2 Processing parameters for the reactive extrusion process 
 
 
 
Zone 1:                             160 C 
(Hopper)             
Zone 2:                             190 C 
Zone 3:                             190 C 
Zone 4:                             190 C 
Zone 5:                             190 C 
Zone 6:                             190 C 
 
Zone 7:                        190 C   
(Injection point)  
Zone 8:                        190 C 
Zone 9:                        190 C 
Zone 10:                      190 C 
(Vacuum point) 
Zone 11:                      190 C 
Die:                              190 C            
 
3.4 Blending by Twin Screw Extrusion 
All kind of PLA pellets were dried in an oven under vacuum at 50°C overnight (12-15 hrs) 
prior to blending. Drying was necessary to minimize the hydrolytic degradation of the 
polymers during melt processing in the extruder. Each PLA type and PEG were melt-
blended using a Brabender twin-screw extruder in the ratio of 100/0, 95/5, 90/10, 85/15 
and 80/20 where the first and second number represent PLA and PEG by weight 
percentage, respectively.  The different blends that were used for this study are in Table 
3.3 below. There were fifteen different blends processed through the extruder, the pure 
linear PLA (L-PLA), pure branched PLA (B-PLA) and pure linear / branched PLA (L,B-
PLA) were not extruded. 
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Table 3.3 Composition of plasticization PLA with PEG 
 
Sample Ratio (wt%) 
PLA : PEG 
L-PLA  
(wt%) 
B- PLA  
(wt%) 
PEG  
(wt%) 
Unprocessed L-PLA 100 - - 
Unprocessed B-PLA - 100 - 
Unprocessed L,B-PLA 50 50 - 
    
          L 100 : 0 100 - 0 
          L 95 : 5 95 - 5 
          L 90 : 10 90 - 10 
          L 85 : 15 85 - 15 
          L 80 : 20 80 - 20 
    
    
          B 100 : 0 - 100 0 
          B 95 : 5 - 95 5 
          B 90 : 10 - 90 10 
          B 85 : 15 - 85 15 
          B 80 : 20 - 80 20 
    
          L,B100 : 0 50 50 0 
          L,B 95 : 5 47.5 47.5 5 
          L,B 90 : 10 45 45 10 
          L,B 85 : 15 42.5 42.5 15 
          L,B 80 : 20 40 40 20 
    
 
 
The linear PLA, branched PLA and PEG were carefully weighed out using an electronic 
set of scales that were accurate to ±0.01grams. 
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For better comparison, each pure PLAs sample (L100:0, B100:0 and L,B100:0) were also 
processed in the same twin screw extruder and processing conditions to ensure identical 
thermal history with those of PLAs/PEG blends.  Dry-mixing of each polymer was first 
carried out in a zip-lock bag before blending. The twin screw extruder had a screw 
diameter of 17.8 mm and an L/D ratio of 40.  The extruder had three controlled 
temperature zones which were set from 180 °C (next to the feeding segment), 190 °C 
(compression zone) and 200 °C (metering zone). The screw speed was maintained at 30 
rpm for all runs. Subsequently, plasticized PLAs pellets were dried again under vacuum at 
50°C overnight prior to sample preparation by injection and compression moulding. As 
shown in Fig.3.5, the twin screw extruder used in this investigation. 
 
 
 
 
 
Fig. 3.5 The Brabender Twin Screw Extruder  
 
 
Once the extruded polymer exited the twin screw extruder, it was cooled on a conveyor 
belt machine.  The polymer was cut into lengths to ensure that it was sufficiently cooled 
before it was feed through the palletiser. It was important to ensure that the polymer was 
sufficiently cooled so that the palletiser would not become clogged with the soft polymer.  
It was easier to pelletise when the extruded polymer was in straight lengths, as opposed to 
coiled, as the sample was able to be feed into the palletiser much easier. The palletised 
samples were collected in a bag underneath the palletiser.  They were carefully labelled 
and weighed. 
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3.5 Specimen Preparation 
3.5.1 Compression Moulding 
Prior to compression moulding the blends of PLA and PEG were again dried in the 
vacuum oven at 50 °C overnight.  This was especially important to complete before 
compression moulding, as the presence of water in the blend may enhance the presence of 
air bubbles in the samples. This hot press with an attached water-cooling system has been 
used to produce 2 mm thick disc and 1mm thick rectangular specimens for rheological 
measurements. The layout of the compression molding has shown in Fig.3.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6 Compression Machine 
 
 
The compression moulder was heated to 190 °C for 30 min prior to use.  The material was 
first pressed at low pressure for 1 min, followed by a high-pressure cycle at 40 MPa for 2-3 
min, and the samples were then cooled under pressure (20 MPa) for 5-7 min.  As 
mentioned previously this is to ensure that the conditions faced by the samples are as 
similar as possible; the longer a sample remains in the machine the higher the level of 
degradation.  If the level of degradation is maintained the same for each sample, it can be 
minimized as an element of error.  
67 
 
3.5.2 Injection Moulding 
Injection molding is the most widely used converting process for thermoplastic articles, 
especially for those that are complex in shape and require high dimensional precision. All 
injection molding machines have an extruder for plasticizing the polymer melt. Unlike a 
standard extruder, the extruder unit for injection molding machine is designed such the 
screw can reciprocate within the barrel to provide enough injection pressure to deliver the 
polymer melt into the mold cavities (Fig.3.7) (Lim et al., 2008).  Standard tensile (ASTM 
D638, type III) and Izod impact (ASTM D256) test samples were prepared by vertical 
injection molding (MCP 100KSA) operated with a nozzle temperature of 200 °C, injection 
pressure at 5 bar and injection time at 20-22 s. Mold temperature was 30 C and cooling 
time was 30 s. Prior to injection molding, the pellets prepared from the blended polymers 
were dried in a vacuum oven at 50 °C for overnight. 
 
 
 
Fig. 3.7 The injection moulding machine MCP 100KSA. 
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3.6 Characterizations 
3.6.1 Mechanical Properties 
Polymers exhibit different mechanical properties depending on the conditions at which 
they are processed and tested. Several methods exist to determine the mechanical 
properties of the material including cyclic, impact, transient, and static. In static testing, a 
constant deformation rate is applied to the sample through various modes of deformation 
such as tension, compression, and shear (Fried, 2002). Determination of these properties 
helps to derive relationships between the mechanical behavior and the chemical or 
molecular structure of polymers, which can, in turn help to predict and improve the 
performance of materials. 
3.6.1.1 Tensile Testing 
In tensile testing technique, the specimen is deformed under tension at a constant rate, and 
the force applied to the sample is measured as a function of the elongation. The initial 
slope of the stress-strain curve where the stress is linear to strain is called the modulus and 
is where elastic deformation of the sample takes place. The modulus provides a measure of 
the flexibility of the material. Beyond the elastic region, the point at which the stress and 
strain are no longer linearly related is referred to as the yield point. At this yield point, the 
sample typically necks and plastic deformation occurs. As this deformation point 
progresses along the sample, the load or stress remains approximately constant with 
increasing strain. For some polymers, a strain is reached where the stress begins to increase 
again with increasing strain. This is known as strain hardening or strain orientation and is a 
result of formation of fibrils or highly oriented polymer chains in the direction of 
deformation (Fried, 2002).   
In this investigation, a tensile specimen is loaded between two mechanical grips and an 
axial pull is exerted on the sample at a fixed speed. The extension is continuously 
measured as the applied force or load increases. Strain is calculated as the ratio of the 
change in length to the initial specimen length (Equation (3.1)). 
 
  = l /l0          (3.1) 
 
where l0 is the initial length and l  is the change in length of the specimen as a  result of 
testing. The stress is plotted as a function of strain and the final stress-strain curve, such as 
the one depicted in Fig. 3.8, can help to predict the performance of materials. 
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Fig. 3.8 Schematic diagram of the stress-strain relationship from tensile test 
 
The relationship between the applied force and the elongation is linear. In this linear 
region, the curve obeys Hooke's Law (Equation 3.2), where the ratio of stress to strain is a 
constant and: 
 
    =                          (3.2)     
   
E is the slope of the line in this region where stress () is proportional to strain (  ) and is 
called the Modulus of Elasticity.  The maximum load that can be sustained by the 
specimen in tension corresponds to the tensile strength, as denoted by uts in Fig.3.8. In 
this work, the tensile behavior of plasticized PLA was determined using the Instron 4467 
Universal testing machine (Fig. 3.9) at room temperature. The testing was carried out at a 
rate of 5 mm/min according to ASTM D638 on standard type I dog-bone shaped samples 
with sample thickness of 4.1 mm and a gage length of 5 cm. Prior to testing, specimens 
were dried at 50 °C for overnight and conditioned at 25 °C and 50% relative humidity for 
at least a couple of hours. The crosshead speed was set at 0.5 in/min.  
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Fig. 3.9 The Instron 4467 Universal testing machine. 
 
3.6.1.2 Impact Testing 
Impact tests determine the toughness of a material under high impact velocity conditions. 
Specifically, notched Izod impact tests measure a material's resistance to impact by 
determining the kinetic energy needed to initiate fracture and continue the fracture until the 
specimen is broken. Each Izod specimen is notched to a specific radius to prevent 
deformation of the specimen upon impact. A weighted pendulum is released, swinging 
through the path where the sample is fixed. As the sample breaks, energy is absorbed by 
the sample. The impact resistance was calculated by dividing the total energy required to 
break the sample by the thickness of the impact bar  
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In many applications, impact strength is a critical measure of service life.  In this work, the 
Izod impact strength of the unplasticized and plasticized PLA was measured using a 
Davenport impact tester (Fig.3.10) and following the ASTM standard specification ASTM 
D256. Impact test bars of dimensions 12.7 mm x 63.5 mm x 6.5 mm were prepared by 
injection moulding. The impact resistance was determined for each material with 10 
samples, which were tested under the temperature like the tensile test.  The samples were 
notched and a pendulum hammer of 1.36 J was used. 
 
Both tensile and impact samples were injection moulded and were dried in the vacuum 
oven at 50 °C over night prior to testing. 
 
 
 
 
 
Fig. 3.10 Davenport impact tester. 
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3.6.2 Gel Permeation Chromatography (GPC) 
GPC measures the molecular weight and molecular weight distribution of a polymer with 
comparing to a known standard. In the procedure, a polymer is dissolved in a solvent and 
injected through a series of columns consisting of tightly packed porous polymer beads. As 
the polymer molecules travel down the column, the smaller solute particles are able to 
diffuse into the holes of the porous polymer. The larger polymer solutes can only enter a 
fraction of the holes, if any, and are therefore only slightly retarded as they traverse the 
length of the column and hence have a faster elution time. The molecular weight moments 
(Mn and Mw) are calculated and used to study of the effect of grafting, crosslinking and 
processing on the molecular characteristics of the polymer. Furthermore, the distribution as 
given by the polydispersity index (Mw/Mn) can provide information on polymer chain 
scission, branching, and crosslinking.  
 
Molecular weight measurements of all PLA-based samples were performed at 140 C 
using Waters Alliance GPCV2000 equipment (Fig. 3.11). The columns were equilibrated 
and run at 30 ºC using 1, 2, 4-tri-chloro benzene (TCB) as the elution solvent at a flow rate 
of 1 ml/minute. A two-channel UV detector and a refractive index detector were used to 
analyze data based on polystyrene standards. In general 4 to 6 mg samples were used in 2 
ml of  1, 2, 4-tri-chloro benzene (TCB) for complete dissolution. Chromatograms were 
analysed using the Millennium® software. 
 
 
 
Fig. 3.11 Waters Alliance GPCV2000 equipment 
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3.6.3 Differential Scanning Calorimetry (DSC) 
DSC is a thermo-analytical tool used to study the thermal transitions based on chemical or 
physical characteristics. The technique involves the heating of a sample and reference pan 
at the same rate over a specific temperature range. The heat differential that is formed by 
increasing the temperature is measured and plotted as a function of temperature. When the 
sample undergoes a physical transformation, the process is either exothermic or 
endothermic and is displayed as a DSC thermogram. From the curve, the heat capacities, 
melt enthalpies, transition temperatures, and chemical reactions can be measured and can 
provide information regarding crystallization, kinetic processes, and phase transitions. 
 
In the context of this work, differential scanning calorimeter was carried out with a DSC 
TA Instrument 2920 (Fig.3.12). The samples were preliminarily heated to 200C to discard 
any anterior thermal history and held at that temperature for 5 min.  It was then cooled to -
20C at a rate of 10C/min and kept at -20C for 5 min before a second heating scan from -
20 to 200C at 10C/min scan rate was carried out. During the second heating scan the 
glass transition, cold crystallization and melting temperature (Tg, Tcc and Tm) of the 
material could be determined; whilst the crystallization temperature (Tc) was determined 
from the cooling scan. The degree of crystallinity of all samples was calculated by 
equation (3.3). 
 
100
6.93
/
(%) 

 PLAccm
HH
ityCrystallin     (3.3)                
 
 
Most commonly, an enthalpy of fusion of 93.6 J/g is used for a 100% crystalline PLLA or 
PDLA homopolymers (Fisher et al., 1973), where Hm is the measured heat of fusion and 
ΔHcc is the heat of cold crystallization.  This value is used throughout the PLA literature. 
PLA is the PLA content in the component. 
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Fig. 3.12 DSC TA Instrument 2920 
 
3.6.4 Environmental Scanning Electron Microscopy (ESEM) 
SEM is often used to observe fracture surfaces, etched surfaces, and extracted samples of 
polymer blends and composites to study adhesion phenomena and the nature of the 
corresponding phases, which is an important part of investigating the structure-property 
relationships of materials. In order to obtain a micrograph, the SEM emits an electron 
beam which under vacuum follows a vertical path through the microscope. The beam is 
focused into a fine spot less than 4 nm in diameter onto the sample, which bounces off the 
surface.  This beam is scanned in a rectangular style over the specimen.  Apart from other 
interactions at the specimen, secondary electrons are produced and these are detected by a 
suitable detector. The amplitude of the secondary electron signal varies with time 
according to the topography of the specimen surface. The signal is amplified and used to 
cause the brightness of the electron beam in a cathode ray tube (CRT) to vary in sympathy. 
The electron gun consists of a filament and Wehnelt cylinder  (2009). 
 
SEM has a very large depth of field versus standard optical microscopy and can create a 
three-dimensional representation of the surface structure (Goldstein et al., 2003). For 
example, at a magnification of 100x, the SEM has a depth of field ~1 mm compared to ~1 
m for the optical microscope. The upper magnification limit for the SEM is ~500,000X 
while that for an optical microscope is ~1000X.  
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In this context, the fractured surfaces of all materials were observed by Environmental 
Scanning Electron Microscopy (ESEM), using a FEI Quanta 200 ESEM  at an accelerating 
voltage of 30 kV, a versatile microscope with 2 nm ultimate resolutions. It works well in 
both Hi-Vac mode (normal SEM) and Wet mode (as an ESEM). In Wet mode, the Peltier 
stage may be utilized to keep samples at 100% R.H. while they are being imaged. An 
ESEM instrument typically has the components shown in Fig. 3.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.13 The Quanta 200 ESEM FEG 
 
Many of the features are just the same as for high-vacuum SEM and, indeed, the modern 
ESEM has similar capabilities when used in high-vacuum mode. There was the recognition 
that by using a system of differential pumping, the electron gun can be maintained at high 
vacuum while the sample chamber can be kept at a constant pressure of 10-20 torr (1 torr ~ 
133 N.m
-2
) (Stokes, 2008) . Similarly, the main part of the electron column is under high 
vacuum, to minimise primary electron scattering as far as possible. These instruments offer 
significant advantages when compared to conventional SEMs. The relaxed vacuum 
environmental means that many samples that would otherwise be unsuitable for 
observation, for example, materials such as bone that are porous and hard to pump down, 
specimens that are damp or wet, or biological specimens that cannot be maintained in their 
original state if they are allowed to dehydrate, can be imaged safely and conveniently.  
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The gaseous environmental  allows poorly conducting and insulating samples to be imaged 
in a stable manner at any desired beam energy without the need to coat them with a 
conducting metal layer. The gas in the specimen chamber also creates a microenvironment 
which can be used for a wide variety of in situ experiments (e.g., in corrosion and 
oxidation). Moreover, the gas provides new modes of imaging, which can generate new 
types of information. Finally, with minor modifications, these instruments can also operate 
as conventional high-vacuum SEMs and so offer great flexibility to the user who is 
confronted with a wide variety of problems and specimens (Goldstein et al., 2003, The 
Imaging Technology Group, 2010) 
 
In this investigation, all of the samples were fractured specimens after impact tests. The 
samples were coated with a thin layer (~4-5 nm) of gold using a Hummer 6.2 sputter coater 
prior to viewing; this is to protect the samples from melting under the high voltage induced 
by the electrons. After the gold coating the samples were loaded one at a time into the 
ESEM.  Waiting for the pressure to get to the high vacuum required, took approximately 5 
minutes each time.  The contrast and the focus were altered for each magnification level to 
ensure that the features could be clearly seen. Micrographs were taken of the samples at 
50, 100, 500, 1000 and 1500 magnification levels.  The scanning of the electrons was 
slowed down to ensure that a clear image was obtained with a limited amount of feedback. 
The images have provided valuable information on the mode of failure and interesting 
physical properties of the material, including mechanical behavior and miscibility of the 
blends. 
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3.6.5 Rheological Characterization 
Rheology is defined as the study of the deformation and flow of a fluid. An important 
property of a molten polymer is its shear viscosity and the dependence of the viscosity on 
temperature and deformation rate. Most polymer melts are classified as shear thinning 
fluids. At higher shear rates, the polymer molecules orient and the number of 
entanglements between the polymer chains decreases. These phenomena make it easier for 
the chains to flow past one another. The viscosity also decreases with increasing 
temperature due to the increase in the kinetic energy of the molecules caused by higher 
temperatures. A rigorous study must be performed on polymer materials in order to better 
understand the rheological behaviour. Rheological measurements in general are well 
established as laboratory methods to characterize polymers with respect to processing.  
Rheological measurements can be divided into three main classifications: 
 Steady shear measurement 
 Dynamic oscillatory shear measurement 
 Extensional flow measurement (will be discussed in Chapter 7) 
The difference between these above tests is in the way deformation is being taken place in 
the material. In this study, all shear and extensional rheology are performed to characterize 
the flow properties of the blends.  
 
3.6.5.1 Steady Shear Measurement 
Steady shear ( and N1) measurements for non Newtonian materials are time dependent 
while Newtonian liquids are not. Many industrial processes like extrusion, melt blending, 
injection moulding and flow material use steady simple shear flow. Steady shear rheology 
parameters are viscosity (), shear stress () and first normal stress difference (N1 = 11- 
12). For the given shear rates (  ) the shear stress () is measured. The shear viscosity is 
defined as the relating of the shear stress and the shear rate in simple power law model. 
The model can be used to represent the variation of viscosity with shear rate at sufficiently 
high shear rates. This can be expressed as (Dealy and Wissbrun, 1990): 
 
1 nk                   (3.4) 
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where n is defined as the slope of the shear thinning region (at high shear rate) which is 
often used to quantify the degree of shear thinning for different polymers. At low 
frequencies, the plateau region has been exhibited which is called the zero-shear viscosity 
0 or Newtonian plateau. This can be determined from the modified Cross fit model 
(Equation (3.5)). This model approach power-law behavior at high shear rates, and the 
dimensionless material constants m is simply related to the power law exponent. (Dealy 
and Wissbrun, 1990) : 
])[1[
.
0
0
m



                                                     (3.5)      
where 0  represents the zero shear rate viscosity (Pa.s), 0
 
represents the characteristic 
relaxation time (s), and m characterizes the slope of the line over the pseudoplastic region 
in the logarithmic plot. 
 
3.6.5.2 Dynamic Oscillatory Shear Measurement 
Dynamic oscillatory shear measurements is the technique most often used to determine the 
linear viscoelastic characteristics of a molten polymer (Dealy and Wissbrun, 1990). In an 
oscillatory shear experiment, the sample is subjected to a homogeneous deformation at a 
sinusoidally varying shear strain or shear stress. In a controlled strain experiment, one 
generates a strain that is as close as possible to a sine wave as shown in Equation (3.6). 
 
(t)  =  0 sin(t)                                                (3.6)    
      
Generally, the rheology of polymer melts depends strongly on the temperature at which the 
measurement is carried out. In the case of polymer samples, it is expected that at the 
temperatures and frequencies at which the rheological measurements were carried out. 
They should exhibit characteristic homopolymer-like terminal flow behavior, expressed by 
the power-laws G  2 and G  , where G and G are the storage and loss moduli, 
respectively. In the linear region the relation between shear stress (t) and shear 0 sin (t) 
is (Wales and Den Otter, 1970) : 
(t)   =  0 [Gsin (t) + Gcos (t)]   (3.7)    
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It is sometimes useful in deriving equations to consider the storage and loss moduli to be 
the real and imaginary components of the complex modulus, G*(ω) (Dealy and Larson, 
2006), which is defined as follows: 
G* ()    =    G ()   +    iG()            (3.8)                         
An alternative representation of dynamic data is in terms of the complex viscosity, η*, 
defined as follows:     
     *     =    -  i                       (3.9)  
               
where the real and imaginary components, which are functions of frequency, are related to 
the storage and loss moduli as follows: 
        
                      =    G/                   (3.10) 
          =    G/                   (3.11) 
                        
Furthermore, the tangent of the phase angle (tan ) describes the balance between the 
viscous and elastic behaviours in a polymer melt: 
                                                  tan     =   G/ G                      (3.12)  
 
Comparison of the steady shear flow viscosity,, with the absolute value of the complex 
viscosity,  , at equal values of the shear rate,  , and the oscillatory frequency, , has 
shown the relation(Wales and Den Otter, 1970). A useful empirical relationship in this 
region is the one first stated by Cox and Merz, (Cox and Merz, 1958) which is expressed 
by the Equation (3.13). 
                                                  )(*)( 

 = 

                               (3.13) 
 
Here, )(*    is the absolute value of the complex dynamic viscosity at circular 
frequency . 
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In this context, most of the shear rheology experiments were performed on a TA 
Instruments Advanced Rheometric Expansion System (ARES) rotational rheometer, as 
shown in Fig. 3.14.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.14 TA Instruments Advanced Rheometric Expansion System (ARES) rotational        
                 Rheometer 
 
The parallel plate geometry is the most commonly used setup in rotational rheology and is 
the fixture used in this research. A plate with a diameter of 25 mm was employed. The gap 
between two plates is specified to be 1.0 mm during testing. Tests were performed at 
temperatures ranging from 175 °C to 190 C under a nitrogen atmosphere to prevent 
polymer degradation. Sample disks for the rheometer were compression moulded at 200 °C 
into 25 mm diameter discs approximately 3.2 mm thick and were again dried in the 
vacuum oven overnight at 50 °C prior to testing. Dynamic strain sweep tests were carried 
out to confirm the linearity of the viscoelastic region up to 100% strain at 10 rad/s 
frequency. Frequency sweeps were carried out to determine the dynamic moduli and 
complex viscosity over a frequency range of 0.1-100 rad/s at 10% strain. All tests were 
started when the temperature had stabilized after loading the sample into the rheometer.  
Steady shear measurements were performed over a shear rate range of 0.1 - 10 s
−1
. At least 
two trials were run for each experimental condition to check for reproducibility of the 
results. 
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3.7 Error Analysis 
While conducting an experiment a person may encounter one or more types of errors: 
human error, systematic error, and random error. 
 Human error occurs when the experimenter make a mistake.  Examples would be 
when the experiment was set up incorrectly, or when the calculation was 
mistakenly done.  Human errors are not a source of experimental error; rather, they 
are ―experimenter's‖ error.  It is not appropriate if the researchers mentioned human 
error as a source of experimental error. 
 Systematic error is an error inherent in the experimental set up which causes the 
results to be skewed in the same direction every time, i.e., always too large or 
always too small. Some systematic errors can be easily corrected.  For example, if a 
balance reads 0.25 g when there is no mass on it, this would introduce a systematic 
error to each mass measurement—they would all be too large by 0.25 g.  This can 
be corrected by zeroing the balance.  Other systematic errors can only be eliminated 
by using a different experimental setup.  
 Random error, which occurs because no measurement can be made with infinite 
precision.  Random errors will cause a series of measurements to be sometimes too 
large and sometimes too small.  An example of random error could be when 
making timings with a stopwatch.  Sometimes the watch was stopped too soon, 
sometimes too late.  However, the random error can be reduced by averaging 
several measurements. 
 
Thus one way to analyse experimental error is with a percentage (%) error calculation. 
Errors can occur unwillingly during the preparation of the samples or while the 
experimental measurements. These errors can affect the properties and conclusions made 
by the experimental work. This section aims to discuss briefly the natural errors being 
raised during the experimental measurements. 
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3.7.1 Error Analysis of DSC Measurement 
Method error of DSC mainly came from two sources. One is from inhomogeneous mixing 
and small sampling size (4-7 mg) in DSC study. Since the sample size is so small in DSC 
study, the actual amount of crystalline PLA in the mixture could deviate from the 
theoretical amount due to errors in sampling. Such deviation could be substantial and lead 
to a large variation in quantifying the crystallinity of PLA among samples. This error could 
be reduced by averaging several measurements. In the mean time, repeatability and 
reproducibility of these investigations were also checked. Fig. 3.15 shows the repeatability 
and reproducibility of the instrument indicating the melting temperature of two samples 
from the same material.  
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Fig. 3.15 DSC thermograms of neat linear PLA (second heating at heating rate of 10 
ºC/min 
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3.7.2 Error Analysis of Mechanical Properties 
In this experiment, there are two measured mechanical properties; tensile and impact 
properties. 
 
Impact tests of all neat PLA and PLA/PEG blends were performed with ten specimens for 
each sample. Polymers used in this research are highly hydrophilic so all tests were 
performed on the same say to minimize the effect of temperature and humidity on the 
sample results. Before conducting the experiments, all the specimens were vacuum dried 
for overnight (12 – 15 hrs) to remove the moisture content. Then, all specimens were 
measured the thickness in millimeter unit by Vernier caliper; the reading error is 1/20 mm 
= 0.05 mm. In this type of impact strength is notched Izod impact strength so the specimen 
was also notched prior the testing. The energy was recorded by the instrument, based on 
the resistance of sample to the pendulum energy. The impact energies are read directly in 
joule from the scale. All impact strength were calculated manually by the excel spread 
sheet. Therefore, the possible errors in this testing were notch sensitivity, specimen 
thickness and specimen preparation. In this investigation, the error of this testing was 
acceptable within the deviation ± 10 %.  
 
Tensile tests of all neat PLA and all PLA/PEG blends were conducted with a total of five 
replicates for each sample. All specimens were also dried prior the test conducting similar 
to impact strength test. During the tensile testing, Instron Bluehill V1.9, the computer 
software associated with the Instron 4467 Universal testing machine (Fig. 3.9) generated 
tensile strength, % elongation at break and Young‘s modulus. Software gave the results 
that calculated the mean and standard deviation for the set of five specimens for each 
sample. All the calculations were done by the machine software and both the machine and 
the software is highly sophisticated. Therefore, the error for each sample was very much 
reduced. There was negligible chance of error due to calculations. As laboratory is air 
conditioned and always set at room temperature, thus atmospheric conditions were same 
for all the tests. Other parameters like crosshead speed and specimen dimensions were also 
constant for all the samples. The entire five specimens were bubble free and was not 
having any void. Further to have accuracy in Young‘s modulus, separate set of five 
specimens were used to evaluate Young‘s modulus. Young‘s modulus done separately 
from tensile strength gives the actual value. Young‘s modulus was calculated by using 
extensometer. While using the extensometer, % error may be considered as negligible. 
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Extensometer does calculation of Young‘s modulus by taking into account the elongation 
of the specimen only between the gauge lengths.  Therefore, gives half the value of the 
actual Young‘s modulus. In this thesis, an average of five results and its standard deviation 
has been reported while comparing mechanical properties of the blends in results and 
discussion in the next chapter. 
 
3.7.3 Error Analysis of Rheological Measurement 
The error of rheological measurement could be generated from systematic error, random 
error and human error. Random error included variable nature of the PLA and PEG 
polymers and its properties such as degradation due to high temperature and shear. 
Systematic error includes temperature control of the machine used for rheological 
measurements. Human error was also observed during the loading of the sample between 
parallel plates and setting up minimum gap between the parallel plates. 
 
3.7.3.1 Shear Rheological Measurements 
As stated above the random error and human error could be reduced by the followed 
procedures. All the samples were dried at its best to remove the moisture content, thus 
random error can also be eliminated. Discs of samples were loaded between the parallel 
plates very carefully and gap between the parallel plates were maintained during the tests. 
So, human error can also be neglected.  
 
The instrument (ARES rheometer) used for these rheological measurements is very 
sophisticated and have high accuracy in temperature control. Its temperature accuracy 
according to the manufacturer was within ± 0.1ºC. All the tests especially time sweep tests 
done on this instrument showed that the accuracy was in fact much better than stated by the 
manufacturer. Fig. 3.16 shows time sweep tests done on unprocessed B-PLA the time span 
of 15 minutes at 10 rad/s and 10% strain proved that the temperature accuracy of the 
machine was ± 0.03 ºC. Thus instrumental error is significantly negligible. 
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Fig. 3.16 Temperature accuracy and stability of measurement of time sweep 
 
 
Moreover, two important aspects of oscillatory shear that also need to be discussed are: 
 Stability of the measurements; particularly at low frequencies (0.01 rad/s to 100 
rad/s). 
 Repeatability or reproducibility of the runs to make sure consistency of the 
measurements. 
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In case of stability of the measurements, the testing performed particularly at frequencies 
of 10 rad/s. Fig.3.16 shows the thermal degradation (stability of G and G) of the neat B-
PLA samples for long time ranges. A frequency of 10 rad/s was chosen as this frequency is 
used in this experiment from LVER analysis. Also B-PLA was chosen for dynamic time 
sweep as this material has been introduced to improve the properties of general PLA. 
Temperature of 180°C was selected which is same temperature used for dynamic 
frequency sweeps. Time sweep test was done at constant frequency at constant temperature 
(180 ºC) for 15 min. PLA has melting temperature of 170 ºC. But the time sweeps has been 
performed at the temperature corresponded to the highest temperature the samples were 
subjected to while preparing the blends of the two blended polymers (PLA/PEG). Fig.3.16 
shows that for the span of time tested, thermal degradation was the issue for B-PLA 
samples as deviation of storage modulus (G). After 15 minutes at 180 ºC temperature, 
deviation for B-PLA sample was noted for about 40%. However, to do any type of test in 
rheology like dynamic strain, dynamic frequency and steady shear test, it took only 5-10 
minutes and up to that time B-PLA was quite stable. 
 
In this investigation, dynamic frequency sweep tests were performed for all sample and 
these all tests were performed over wide range of frequencies and hence for a long period 
of time. Some time it is very difficult to avoid thermal degradation of the sample at very 
high temperatures although nitrogen atmosphere was provided to avoid thermal 
degradation of the sample. Thermal degradation of the samples subjected to elevated 
temperatures for long time can have adverse effect on their microstructure. Changes in 
microstructure can lead to chain scission and cross-linking and/or other physico-chemical 
process that can adversely affects the material properties.  
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In terms of repeatability and reproductivity, the testing performed particularly at low 
frequencies (0.01 rad/s to 100 rad/s). Fig.3.17 shows the repeatability of dynamic 
frequency sweep of L-PLA/PEG blend (5 wt%) at 180 ºC. 
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Fig. 3.17 Repeatability of L-PLA/PEG blend (5 wt %) samples using dynamic frequency 
sweep at 180 °C 
 
 
Repeatability of these runs (Fig.3.17) was excellent for intermediate and high frequencies 
as both data points were overlapping. In the low frequency region, it seems to be slightly 
deviated and this could be due to the approach of torque-strain relationship to the limit of 
instrument sensitivity. This behaviour has been observed for all samples tested at low 
frequency region.  
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3.7.3.2 Extensional Rheological Measurements 
Since the maximum Hencky strain obtainable with the EVF is H = 3.5, the experimental 
time for this method ranges from 0.01 to 70 second for strain rates from 0.05 to 1 s
-1
. This 
residence time in the rheometer could results in minimal degradation during the 
experiments at 175 C. All the samples were dried at its best to remove the moisture 
content, thus random error can also be eliminated. In this study, there were severe 
limitations on the strain rates that could be investigated using the EVF for L-PLA sample. 
If the strain rate was too low, the sagging of the L-PLA samples was observed due to 
longer experimental time at lower strain rate. Moreover, another key parameter of EVF 
measurement is the thickness and width of the sample which provides the cross-sectional 
area used by the software to calculate the stress and ultimately the extensional viscosity. 
Importantly, the specimen preparation should be careful to ensure the consistency of cross-
sectional area of the specimen. In this investigation, the specimens of EVF measurement 
were prepared with the specific mould from rheometer manufacturer by compression 
machine. The thickness was controlled within  0.05 mm. 
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Fig. 3.18 Repeatability of Unprocessed B-PLA of strain rate 0.2 s
-1
 at 175 ºC. 
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The precision of the EVF measurement were checked using repeatability analysis. 
Fig.3.18 shows the repeatability of the unprocessed B-PLA of strain rate 0.2 s
-1
, at 175 C. 
In this case, there is the small deviation of these two run at the beginning but the good 
repeatable was observed at longer time. This was probably due to the deviation in initially 
cross-sectional area. However, more deviations of extensional viscosity data were also 
observed in higher PEG content. This issue could be reduced with additionally more 
experiments. 
 
3.7.3.3 Melt Strength Measurements 
The Rheotens test involves continuous drawing of a monofilament through two counter 
rotating wheels. Correspondence of force and pull-off speed was plotted. Melt strength test 
was performed with the non-isothermal and non-constant strain rate of the filament during 
the test. These issues could led to the error in the experiment. However, these tests were 
carried out at constant acceleration of 60 mm/s
2
. The situations possibly became the error 
in Rheotens test as follows: 
 
 Effect of cooling. The drawn filament would be expected to cool at a faster rate at 
initial velocity but at high velocity, the extent of cooling of the filament minimized 
and the stretching can be pseudo isothermal. 
 The varying of flow rate from the capillary rheometer. It is very important to 
maintain the same mass flow rate throughout each run. Prior to each run, three 
extrudate flow rates were taken and averaged to overcome the error.  
 The precision of the Rheotens data were checked using repeatability analysis. Each 
neat PLA and PLA/PEG blends sample was run 5 times and from those best 3 
curves was selected to take melt strength as the average value at the plateau or in 
the draw resonance region of the force-draw ratio plots. Fig.3.19 shows melt 
strength profiles of unprocessed L,B-PLA at 175°C and 60 mm/s
2
 of nip roller 
acceleration.  
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Fig. 3.19 Repeatability tests for unprocessed L,B-PLA at 175°C and 60 mm/s
2
 of nip roller 
acceleration 
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Chapter 4 : Properties of L-PLA/PEG Blends 
  
In this chapter, the properties of the pure L-PLA and L-PLA/PEG blends are presented. 
First, the thermal characteristics of the polymers are explained. Next, the steady shear and 
dynamic shear rheology results are discussed. The viscosities and the dynamic moduli of 
the pure and plasticized PLA are then modeled using several different equations to 
understand the rheological properties as a function of frequency. Finally, the degradation 
properties of the polymers are presented as determined through the rheology experiments. 
4.1 Thermal Characterization 
4.1.1 Thermal Characterization of Unprocessed L-PLA and PEG 
The DSC thermograms for the unprocessed L-PLA and PEG are shown in Fig. 4.1. The 
samples were preliminarily heated to 200 °C to discard any anterior thermal history and 
held at that temperature for 5 min.  It was then cooled to -20°C at a rate of 10°C /min and 
kept at -20°C for 5 min before a second heating scan from -20 to 200 °C at 10 °C /min scan 
rate was carried out. The thermographs for the L-PLA sample are shifted up and down to 
display them on the same axes. From the thermographs, the glass transition temperatures 
(Tg) of PLA occurs at temperature ranging from 60°C - 63°C and the melt temperature 
(Tm) peak is approximately 170 C.  
 
As expected, the unprocessed L-PLA exhibited no crystallization peak (Tc) upon cooling 
rate at 10C/min.  According to a number of observations (Di Lorenzo, 2005b, Jacobsen 
and Fritz, 1999, Kulinski and Piorkowska, 2005, Li and Huneault, 2007) even at high L-
LA content, PLA crystallization is typically too slow to develop significant crystallinity 
unless the crystallization is induced by strain from processes used to produce biaxially 
oriented films or bottles. The L-PLA, Fig. 4.1 (a), has a small melting peak at 170°C and 
undetectable cold crystallization temperature (Tcc).  This phenomenon could be explained 
that unprocessed L-PLA did not have the ability to complete the crystallization process at 
cooling stage and hence concealed crystallinity. For thermographs of PEG (Fig. 4.1 (b), the 
Tg occurs below the ambient temperature at -20 °C and Tm peak is at 40 °C, while 
crystallization temperature of PEG is clearly at 28 °C.  
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Fig. 4.1 DSC Thermograms of unprocessed L-PLA (a), and (b) PEG, MW = 1000 g.mol
-1 
(b) 
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Tg 
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4.1.2 Thermal Characterization of L-PLA/PEG Blends. 
The impact on the thermal properties by varying the PEG content in the blended systems 
will be presented. These blends varied in the concentration of the PEG material in the 
polymer matrix and consisted of 0, 5, 10, 15 and 20 wt%. Table 4.1 provides a summary of 
the important features observed for the pure and blended materials investigated by DSC, 
including the glass transition temperature, cold crystallization temperature, melt 
temperature, and crystallization temperature. 
 
Table 4.1 Results from DSC for the L-PLA/PEG Blends 
 
PEG Content (wt 
%) 
Cooling Subsequent Heating 
Tc 
(C) 
H 
(J g
-1
) 
Tg 
(C) 
Tcc 
(C) 
H 
(J g
-1
) 
Tm 
(C) 
H 
(J g
-1
) 
Xc 
(%) 
Unprocessed              
L-PLA 
- - 61 - - 169 12 13 
PEG 28 94 -20 - - 40 93 98 
         
0 96 12 62 100 12 171 38 27 
5 90 13 46 92 7 170 39 36 
10 95 21 38 90 1 170 34 40 
15 98 30 33 - - 168 30 39 
20 102 30 33 - - 167 33 44 
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In the thermograms for the plasticized L-PLA (Fig.4.2), a sharp crystallization peak upon 
cooling appears with a peak of Tc of 0 wt% PEG blend occurs at 96°C. Tc suddenly 
decreases to 90°C for the blend containing 5 wt% PEG. However, Tc increased again as 
the concentration of PEG increase as shown in Fig.4.2 (a) and Table 4.1. This irregular 
characteristic of crystallization temperature of the plasticized L-PLA can be explained as 
the difference in crystallization temperature of each material. In comparison, PLA is 
crystallisable at higher temperature than the PEG‘s crystallization temperature. Thus, 
during the formation of PLA crystals, plasticizers might slow down the formation of PLA 
crystalline structures because they interfere in spherulites growth since they are present in 
fold surfaces of crystalline lamellae (Marentette and Brown, 1998). In addition some 
amounts of PEG probably could be trapped in the intra-spherulitic region of PLA and led 
to hindering the crystallization of PLA. Nevertheless, the addition of more wt% of PEG 
would be able to enhance the crystallization rate of PLA.  
For that reason, the addition of a plasticizer would increase the polymer chain mobility and 
would enhance the crystallization rate by reducing the energy required during 
crystallization for the chain folding process. 
 
On subsequent heating (Fig.4.2 (b)), thermograms shows the glass transition temperature 
(Tg) cold crystallization temperature (Tcc) and melting temperature (Tm) of each PEG 
content. As expected, incorporation of PEG into PLA enhanced the segmental movement 
of the PLA molecular chain, changing its thermal transition behaviour. Only one Tg in the 
blends were observed, representing to the miscible blending of PLA and PEG. As the 
content of plasticizers increased up to 20 wt%, the glass transition temperature dropped to 
approximately between 46 C to 33 C.  
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Fig. 4.2 Thermograms of L-PLA/PEG blends obtained with a heating rate of 10C /min. 
 (a) cooling thermograms (b) subsequent heating thermograms 
 
 
 
(a) 
(b) 
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Moreover, the incorporation of PEG decreased cold crystallization temperature by 
approximately 20 °C and narrowed the peak width, indicating an enhanced crystallizability 
of PLA in the blends containing PEG.  In contrast, for samples containing higher PEG 
content, cold crystallization was no longer visible. Therefore, it could be concluded that the 
addition of PEG greatly increased the crystallization rate of PLA.  
 
The subsequent melting temperature of plasticized L-PLA shifts slightly to lower 
temperature with blend composition. Table 4.1 also shows the crystallinity of the blends 
which were determined from Equation (3.1).  PLA is expected to crystallize up to a 
maximum level of 40-45% which corresponds to 37-42 J/g endothermal peaks (using 93 
J/g as the theoretical value for the heat of fusion of PLA crystals (Fisher et al., 1973). In 
this investigation, the plasticized L-PLA showed crystallinity between 27 and 44% for all 
the four different PEG contents examined.  
Fig. 4.2 (b), on the other hand, shows the small melting peak (in the circle) of PEG, 
(according to Fig. 4.1(b)) at high plasticizer content (15wt% and 20 wt% PEG blends) that 
probably was the phase-separation of pure PEG in these blends. 
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4.2 Mechanical and Morphological Characterization 
This section presents the mechanical properties of the blends as determined by tensile test 
followed by ASTM D 638. The Tensile strength, Young‘s Modulus and % elongation at 
break of the samples are reported. The impact on these properties by varying the PEG 
concentration in the blended L-PLA systems is discussed. The results for the blends are 
compared to the pure polymer results to examine the effects of blending PEG materials 
with the L-PLA. 
 
4.2.1 Tensile Properties 
The objective of plasticization is to improve the ductility while maintaining the blend‘s 
strength and stiffness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3 Stress-Strain curves of L-PLA/PEG blends at different PEG concentrations 
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The pure PLA sample displays a curve as a brittle material while the addition of plasticizer 
increases the ability of PLA to plastic deformation which is reflected in the decrease of 
yield stress and an increase of % strain, showing more flexibility in the blends. However, 
low contents of plasticizer hardly affect the elongation at break of the L-PLA/PEG blends, 
that is, PEG-5 wt% and PEG-10 wt%. One of the main reasons for this brittle behaviour for 
the pure PLA is due to the low entanglement density (Ve) and the high value of 
characteristic ratio (C), a measure of chain stiffness (Grijpma et al., 1994). Results of 
tensile experiments are shown in Figs. 4.4 - 4.7. When L-PLA sample was stretched 
without PEG, the tensile strength, tensile modulus and % tensile strain at break were 49 
MPa, 4.3 GPa and 1.3 %, respectively.  For plasticized L-PLA at 5 wt% and 10 wt% PEG, 
the tensile strength was 56 and 51 MPa, respectively.  The higher tensile strength values 
were due to the higher crystallinity content than that of the L-PLA with 0 wt% of PEG 
(whose tensile strength was only 49 MPa). Tensile strength of the L-PLA/PEG blends 
gradually decreased to 29 and 22 MPa, when higher concentrations (15 and 20 wt %, 
respectively) of PEG were used (Fig.4.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 Effect of PEG content on tensile strength of L-PLA/PEG blends 
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Fig. 4.5 Effect of PEG content on tensile modulus of L-PLA/PEG blends 
 
Moreover, from Fig.4.5, a sharp decrease from 0 to 5 wt% PEG in the tensile modulus 
from 4.3 to 1.9 GPa was observed as the concentration of PEG increased from 0 to 20 wt% 
in the L-PLA/PEG blends. From thermal characterization, it was clear that phase 
separation of L-PLA/PEG blends in this investigation could be observed at PEG 
concentration of more than 10 wt%. According to Pillin et al. (2006), ―the material 
becomes brittle because of a lack of cohesion between the separate phases at higher 
contents of plasticizer. This was also already noticed from the Tg measurements and 
ascribed to a macroscopic crystalline induced phase separation between the components of 
the blend‖. The tensile modulus results correlate quite well with the Tg measurements as 
seen in Fig.4.6. 
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Fig. 4.6 Tensile modulus and glass transition temperature of L-PLA/PEG blends. 
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Fig. 4.7 Effect of PEG content on % strain at break of L-PLA/PEG blends 
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In the meantime, there was minor improvement of elongation at break value of L-PLA 
when blended with 5-15 wt % of PEG. The elongation at break of L-PLA improved 
significantly approximately 15% for the L-PLA/PEG (80/20) blend as shown in Fig. 4.7. 
Eventually, the tensile properties demonstrated that the plasticizer enhanced the segmental 
mobility of PLA chains, increased the ability of L-PLA to the plastic deformation, and 
decreased the yield stress and increasing the elongation at break. These observations have 
also been reported by other researchers (Jacobsen and Fritz, 1999, Baiardo et al., 2003, 
Kulinski and Piorkowska, 2005).  
 
4.2.2 Impact Strength Properties 
The impact resistance properties of L-PLA/PEG blends are shown in Fig.4.8. Clearly, it 
could be seen that the presence of PEG as a plasticizer in L-PLA marginally increases the 
toughness of L-PLA. For L-PLA/PEG blend (0 wt% PEG), the average value was 22 J/m 
but the data increased dramatically to 27 J/m and 26 J/m for L-PLA/PEG samples 
containing 5 and 10 wt% PEG, respectively. As expected, the increase in impact strength 
of L-PLA was observed when plasticized with PEG because the plasticizer interacted with 
the polymer chains distributing itself uniformly within the polymer, hence creating 
additional free volume. However, the unexpected decrease in impact strength was also 
observed when PEG concentration reached 15 and 20 wt%. This was due to the separation 
of PLA and PEG phases as seen in the melting peaks of PEG crystals in L-PLA/PEG 
blends from DSC measurements as shown in  
Fig. 4.2 (b). This could result only from a phase separation in the amorphous phase leading 
to the formation of a plasticizer rich phase and therefore depleting the PLA of plasticizer. 
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Fig. 4.8 Effect of PEG concentration on the impact strength of L-PLA/PEG blends 
 
This behaviour could also be supported by SEM micrographs of the impact-fractured 
surfaces.  The SEM micrographs revealed rather brittle fracture of L-PLA/PEG blend (0 
wt% PEG) with little amount of plastic deformation with significant lateral contraction of 
the test bar and many striated ridges as shown in Fig.4.9 (a) (X1000 magnification). The 
lateral contraction and ridges are the morphological manifestation of the fact that shear-
yielding had occurred during the impact test, resulting in a ductile break. SEM 
micrographs of the impact-fractured surfaces show more evidences of ductile fractures as 
more and longer fibrils can be observed from the surfaces with the increase in PEG 
content. Ductile fibril formations were observed on the impact surfaces as shown in Figs. 
4.9 (b) and (c). In contrast, these fibrils were observed barely in sample without PEG at 
approximately 5 m length between the striated ridges and there was no longer fibril on 
fractured surfaces of PLA/PEG blends (15 and 20 wt% PEG). It has been reported (Park et 
al., 2005) that this kind of fibril formation appeared to be related to the increase of the 
temperature in the crack-tip region above the glass transition temperature due to heat 
generation at high strain-rate.  This proved that the PEG was equally dispersed into L-PLA 
matrix, which made the sample slightly more ductile.  
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Fig. 4.9 SEM micrographs (1500X) of the fractured surfaces of the L-PLA/PEG blends 
with   (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20 wt% PEG 
 
 
 
(c) 
(a) (b) 
(e) 
(d) 
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When PEG content was above 10 wt%, the small cavities and white round shapes of PEG 
were observed in Figs. 4.9 (d) and (e). The white round shapes showed broad distribution 
at 15 wt% PEG content.  The distribution of the white round shapes increased (as shown in 
Fig. 4.9 (e)) with increasing PEG content (20 wt%). In addition, the sample containing 20 
wt% PEG content also showed a smooth fractured surface indicating brittle fractured areas 
with considerable voids of submicron size, which was probably caused by the 
accumulation of PEG during phase separation. 
 
4.2.3 The Correlation of Impact Strength and Crystallinity. 
From the literature, the level of crystallinity has played an important role in the impact 
properties. As discussed, increasing in the level of crystallinity in the matrix materials 
reduced the impact resistance of the blends (van der Wal et al., 1998). In addition, Xu et al. 
(2001) studied the effect of spherulite size and crystallinity on impact properties of 
Polypropylene (PP). They found that the decreasing of impact strength was observed 
whilst the crystallinity of the PP still went up. Because of the decrease in the active area 
(free volume) between the molecular chains caused to decline in energy absorbable of the 
polymer.  In addition, Grijpma and Pennings (Grijpma et al., 1994) varied the crystallinity 
of PLA by preparing stereo-copolymers with small amounts of D-lactide and found a 
maximum in impact strength (37 kJ/m
2
) when the copolymer had a crystallinity of 65 %. 
They explained their finding by a low degree of chain entanglements in highly crystalline 
material. When the crystallinity of the PLA was increased the density of chain 
entanglements decreased and led to decreasing in impact strength. Even though the 
crystallinity was high enough to give physical cross-link and thus not be as brittle as 
amorphous or low-crystalline material.  
 
Likewise, the level of crystallinity of the L-PLA has played a critical role in the impact 
properties in this study, with low levels of L-PLA‘s crystallinity being desirable for high 
impact strengths. As seen in Fig. 4.10 and based on the DSC data for L-PLA/PEG blends 
the increase of crystallinity of plasticized L-PLA has enhanced regularly the impact 
resistance up to 10 wt% PEG. This could be explained as the finding of Xu et al.,(2001), 
the higher in crystallinity would produce a more tied-molecule structures among the intra- 
and inter-spherulite to improve the molecular entanglement between the crystal grains. 
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Therefore, the boundary strength between spherulite increased, thus it will be beneficial to 
the improvement of the impact strength of the materials. In this investigation, the 
plasticizer enhanced the degree of orientation of the polymer and improved the crystallinity 
indicating more tied-molecules for energy absorbable of the polymer. 
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Fig. 4.10 The correlation of % crystallinity and impact strength of L-PLA/PEG blends. 
 
 
On the other hand, the impact strength slightly dropped when the level of crystallinity of 
the blends reached up to approximately 40 % (at 10 wt% PEG) and then further decreasing 
could be observed at higher crystallinity as a result of higher PEG content (15 – 20 wt% 
PEG. It could be stated that the impact strengths of these blends are not be affected by the 
level of crystallinity. However, when the plasticizer content was beyond 10 wt %, the 
crystallinity of the L-PLA seemed to go up at higher level of crystallinity (44%), the 
impact strength has decreases to 17 J/m as shown in Fig. 4.10.  
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At this high level of crystallinity, the degree of chain entanglements in amorphous region 
was low and resulted in less flexibility of the molecular chains as described by Grijpma 
and Pennings (Grijpma et al., 1994). In the same way, higher in degree of crystallinity has 
led to the decline in the active region (free volume) in molecular chains that cause 
absorbable of energy decreases within the process of deformation (Xu et al., 2001). For 
better explanation of how degree of crystallinity effect to the impact strength of the blends, 
the schematic is presented in Fig.4.11. To sum up, the maximum impact strength in this 
investigation was found in the test with the critical level of crystallinity at 40 %. 
 
 
 
Fig. 4.11 Schematic diagram of crystallinity and impact strength relationship, reproduced 
from the investigation of Ou and Cakmak (2008) 
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4.3 Rheological Characterization 
4.3.1 Dynamic Shear Rheology 
The viscoelastic properties of pure PLA and plasticized PLA were measured using 
advanced rheometric expansion system (ARES) rheolometer, equipped with parallel plate 
geometry. Linear viscoelastic region (LVER) measurement have been carried out for all 
samples prior carring out detailed dynamic measurements to probe the sample‘s 
microstructure. This was determined by performing an amplitude sweep. The moduli 
initially are independent of stress, giving a plateau known as the linear viscoelastic region. 
The linear viscoelastic region refers to the region in which the internal structure of the 
polymer would not be affected by shear forces; storage modulus (G), loss modulus (G) 
and complex viscosity (η*) is independent of imposed strain within this region. From the 
amplitude sweep test, stress or strain must be selected from the LVER and incorporated 
into subsequent oscillation.  
 
 
Fig. 4.12 displays the LVER of unprocessed L-PLA at constant frequency of 10 rad/s, 180 
C.  The plateau region, where storage modulus is independent of strain amplitude, refers 
to the linear viscoelastic region of the materials. G is the parameter which is most 
sensitive to changes in microstructure. This elastic response experienced initial instability 
due to instrumental sensitivity limit for strain-torque relationship. The L-PLA sample 
exhibited a constant G in the 0.1-15 % range of applied strain. The end of the linear 
viscoelastic region is indicated by a decrease of G value. So, all further experiments 
should be carried out using a strain value inside the limits of linear viscoelasticity at less 
than 15 %. 
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Fig. 4.12 Dependence of the storage modulus (G) and complex viscosity (*) on applied 
strain for unprocessed L-PLA at 180 °C and 10 rad/s 
 
Therefore, all dynamic rheological measurements were performed within the linear 
viscoelastic region (10% strain) as viscoelastic properties are dominated by chain structure 
within linear viscoelastic region. The viscoelastic shear properties of the polymers were 
studied by measuring the storage modulus (G), loss modulus (G) and the dynamic 
viscosity (η) within the linear viscoelastic region of the polymers. The storage modulus 
measures the elastic response of a polymer while the loss modulus measures the viscous 
energy dissipated during flow deformation.  All these tests weree performed at temperature 
ranging from 175, 180 and 190 °C and at constant strain (  ) of 10 % as a function of 
frequency (). 
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In order to establish the validity of the Cox-Merz Rule, steady state data was obtained over 
a range of shear rates for the L-PLA at 180°C to compare to the frequency sweep data. The 
comparison of the steady state and dynamic viscosities is shown in Fig. 4.13. At the lower 
rates, there is a good agreement between the viscosities, the steady shear viscosity 
exhibited the lower values than dynamic viscosity. However, at the higher rates tested the 
steady shear plot of L-PLA showed significantly shear thinning behaviour at 4 s
-1
, while 
dynamic plot exhibited the slight shear thinning behaviour at a frequency of 20 rad/s. The 
variation between these two techniques has been observed before for other bio-based 
polymers, and is at least partially linked to degradation of the material (Daly et al., 2005).  
 
In general, steady shear experiments are typically performed up to a shear rate of around 
1.0-5.0 s
-1
 for polymeric materials. At shear rates greater than 5.0 s
-1
, secondary flows and 
edge instabilities can occur, which can make this method invalid due to the disruption of 
the simple shear flow assumption (Morrison, 2001). On the other hand, dynamic frequency 
sweep experiments still provide accurate data for the viscosity of a material up to 500 rad/s 
(s
-1
) or beyond. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.13 L-PLA frequency sweep and steady state results at 180°C to show validity of 
Cox-Merz rule. 
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The viscoelastic properties of the unprocessed L-PLA at 180°C are shown in Fig. 4.14. All 
important data are shown in this graph including dynamic viscosity (), storage modulus 
(G), and loss modulus (G). The zero shear viscosity and the broad curvature of the G' and 
G curves in the low frequency terminal regime are only truly observable when the 
measurements reach the low frequency terminal regime. The unprocessed L-PLA data 
were obtained from dynamic frequency sweep measurement carried out on the non-
extruded pellets. The viscosity was nearly independent of the frequency at a value around 
1000 Pa-s. It is called the zero-shear viscosity (0) because of the viscosity value is 
obtained at a very low   or  appropriating zero value. At high frequency regime (10-100 
rad/s), the slope of the shear thinning region can be observed and quantified as the degree 
of shear thinning for different polymers. This value can be determined from the modified 
Cross fit model (Eq.3.5). In this figure, the value of slope of the unprocessed L-PLA at 180 
°C is 0.2 over a frequency range of 10-100 rad/s and the appearance of shear thinning 
behaviour seemed to be more noticeable if the experiments could be examined at higher 
frequency. 
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Fig. 4.14 The viscoelastic properties of the unprocessed L-PLA at 180°C 
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Moreover, unprocessed L-PLA exhibited as the viscous characteristics which are dominant 
at frequencies ranging from 0.1-100 rad/s (i.e. G > G) and the elastic characteristics 
possibly appeared at high frequencies (more than 100 rad/s) (i.e. G > G). According to 
Morrison (2001) , the crossover frequency can be used to determine a characteristic 
relaxation time of a polymer by taking the inverse of the crossover frequency, based on the 
generalized linear viscoelastic (GLVE) and Maxwell models. The crossover frequency for 
PLA typically ranges between 60-200 rad/s, which corresponds to relaxation times of 
0.005-0.0167 sec. (Ramkumar and Bhattacharya, 1998, Cooper-White and Mackay, 1999, 
Dorgan et al., 2000). However, whilst the crossover frequency was invisible for 
unprocessed L-PLA even at high frequency it seemed to be observed at the frequency 
higher than 100 rad/s. This could be explained that the material consist of the linear chain 
architecture, thus it took a very short time to relax after a deformation or stress was applied 
(Morrison, 2001). 
 
The viscoelastic properties are strongly temperature dependent. However, it is impossible 
to examine all required temperature. Hence, the limitation is overcome by using the time-
temperature superposition (TTS) principle in which the data is expanded to higher and 
lower frequencies, often increasing the frequency range several orders of magnitude. The 
temperature-time superposition principle of visco-elasticity describes the dependence of 
viscosity on temperature as follows.  It states that a change in the temperature from T1 to 
T2 does not affect the functional dependence of  on  and/or , but merely alters the zero 
shear viscosity and the shear rate at which transition from Newtonian to pseudoplastic 
behaviour occurs.  As temperature increases, the viscosity curve at T1, in the log() versus 
log() plot, is shifted by a ―shift factor‖ log( Ta )  as shown in Equation 4.1. 
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Where 1 , 2  denote the densities at the temperature T1 and T2, respectively.  
Accordingly, it is possible to construct a temperature master curve (, T) from which 
viscosity curves for various temperature values may be obtained. The temperature effect on 
the viscosity function () is described in many references (Dealy and Wissbrun, 1990, 
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Ferry, 1980) by the Arrhenius law.  This law states that for thermo-rheologically simple 
fluids the shift factor Ta  is given by the Equation (4.2). 
                                                               






21
0
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  a log
TTR
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    (4.2)     
                                  
where E0 is the fluid activation energy in J/mol and R = 8.314 J/molK is the universal gas 
constant.  It follows that if E0 is known, the temperature master curve (, T) can be 
constructed. In this investigation, TTS curves were constructed automatically from the 
experimental data by the ARES software and the viscosity curves were fitted with 
modified Cross fit model (eq.3.5) to calculate the zero shear viscosity (0). 
 
Fig. 4.15 shows master curves created by time temperature superposition performed on the 
unprocessed L-PLA samples. The master curve constructed used a referenced temperature 
of 180°C and is constructed from isothermal curves obtained at three different 
temperatures (175°C. 180°C and 190°C). The unprocessed L-PLA exhibited a Newtonian 
plateau at low frequency at a value around 1050 Pas. and seemed to be shear-thinning at 
high frequency. Compared to the original plots in Fig. 4.14, the frequency range has been 
expanded in lower and higher frequency, which provides a better picture of the zero-shear 
viscosity, shear thinning behaviour and crossover frequency. At this master curve, the zero 
shear viscosity which was fitted with the modified Cross model was 1138 Pa.s. In addition, 
the crossover frequency which is referred to the relaxation time, could also be observed at 
a frequency of 200 rad/s indicating relaxation time at 0.006 s.  
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Fig. 4.15 Time-Temperature superposition plot of unprocessed L-PLA, The master curve is 
referenced to 180°C and is constructed from isothermal curves obtained at 175 °C, 180 C 
and 190°C.  
 
In this experiment, L-PLA has been blended with PEG to modify the deformation and the 
crystallization behaviour. Obviously, the effects on rheological properties were also 
examined. Fig. 4.16 presents the master curve of complex viscosity of L-PLA/PEG blends 
at various PEG concentrations. The unprocessed L-PLA exhibited a clear Newtonian 
Plateau at low oscillation frequency with a zero-shear rate viscosity from 1138 Pa.s. and 
seemed to be shear thinning behaviour at high oscillation frequency.  On the other hand, 
the processed L-PLA also exhibited a non-Newtonian behaviour, but with a much lower 
zero-shear rate viscosity value (around 840 Pa.s). All L-PLA/PEG blends of varying PEG 
concentrations exhibited a more pronounced Newtonian response with an extended 
Newtonian plateau compared with unprocessed L-PLA and also showed the decreasing 
zero-shear viscosity values as the PEG concentration increased. This was the effect of 
more disentanglement of PLA chain due to increased segmental mobility of PLA chains. 
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Fig. 4.16 The master curve of complex viscosity of L-PLA/PEG blends at various PEG 
concentrations, Tref  = 180 C. 
 
Additionally, it could be noticed from Fig. 4.16 that by blending in the twin screw extruder 
the polymer was exposed to excessively high shear strains resulting in a greater 
degradation of the PLA. Moreover, the degradation in PLA during processing in the 
presence of plasticizers with ester groups could also be due to potential transesterification 
reactions leading to a decrease of PLA molecular weights (Murariu et al., 2008) which 
resulted in a decrease in PLA viscosity (Table 4.2). Nevertheless, the thermal degradation 
of PLA was also the main reason of shortened molecular chains that led to lower in PLA 
viscosity as well.  
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Table 4.2 shows the molecular weight of PLA at different PEG concentration 
 
Materials Mw Mn MWD 
Unprocessed L-PLA 1.6 x 10
5 
8.7 x 10
4
 1.84 
0 wt% PEG 1.4 x 10
5
 6.4 x 10
4
 2.18 
5 wt% PEG 1.0 x 10
5
 5.3 x 10
4
 1.89 
10 wt% PEG 5.8 x 10
4
 3.2 x 10
4
 1.81 
15 wt% PEG 4.1 x 10
4
 2.3 x 10
4
 1.78 
20 wt% PEG 3.2 x 10
4
 1.9 x 10
4
 1.68 
 
Moreover, the other calculated parameters which were obtained from the TTS curves are 
summarized in Table 4.3. All parameters were obtained by fitting the modified Cross 
model as represented in Equation (4.3). 
]m)0[1[
0

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
                 (4.3)                 
The Modified Cross model fits the data well. All the equations have correlation coefficient 
(r
2
) ranging from 0.92 – 0.98. As shown in Table 4.3, the incorporation of PEG led to a 
decreasing value of slope of shear thinning region (m) and decreasing in relaxation time 
(0).  
Fig. 4.17 represents the diagrams for better understanding of each parameter. This 
indicated that adding more PEG content into L-PLA could lead to a decrease in relaxation 
time and slight shear thinning tendency. This could be explained that the addition of PEG 
was easier to cover with PLA chains, which become disentangled under higher shear rate. 
Moreover, PLA blended with PEG also improved the elastomeric behaviour of matrix, 
which would resist the flow and therefore reducing the value of m. 
 
Table 4.3 Rheological characterization of L-PLA and plasticized PLA melts 
 
Sample 0 wt% PEG 5 wt% PEG 10 wt% PEG 15 wt% PEG 20 wt% PEG 
0 (Pa.s) 876 357 299 186 139 
0 (s) 0.004 0.002 0.002 0.0016 0.0001 
m 0.44 0.41 0.30 0.11 0.06 
r
2
(%) 92.9 92.0 98.3 98.4 96.5 
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Fig. 4.17 Diagram of each parameter of modified Cross fit model (RheologySchool, 2009) 
 
The corresponding storage and loss moduli for these blends are shown in Fig.4.18 and Fig. 
4.19, respectively.  As expected, the moduli of L-PLA decreased with increasing 
plasticizer loading at all frequencies. Unprocessed L-PLA and plasticized L-PLA (0-20 
wt% of PEG) exhibited the rheological behaviour of a typical polymer melt as 
characterized by a storage modulus (G,Fig.4.18) smaller than the loss modulus (G, Fig. 
4.19). Both the G and G decreased with increasing PEG concentration. However, at low-
frequency G of all blends presented lower frequency dependency. Only at high 
frequencies, all samples approximately showed a common storage modulus. Such a non-
terminal behaviour, sometime occurs at a medium frequency region, as has been observed 
on many polymer blends and is accepted to be attributed to the change of the shape of the 
discrete phase in the polymer matrix during the oscillatory shear deformation, namely 
shape relaxation (Ferry, 1980, Bousmina et al., 1995) 
In this investigation, at medium to low frequency region the storage modulus exhibited 
weak frequency dependency with increasing PEG content, such that there were gradual 
changes of behaviour from liquid-like (G()  2) to solid-like with increasing PEG 
content. At frequency less than 1 rad/s, the frequency dependent transition of the blend 
with PEG concentration less than 10 wt% could be observed. On the other hand, the 
frequency dependent transition of L-PLA/PEG blends at PEG concentration higher than 10 
wt% showed a medium frequency dependent region between 1 – 10 rad/s. It could be 
concluded that at higher PEG concentration the Gcurves exhibited a plateau distinctly at 
the low frequencies as the blends seemed to be a solid like behaviour. 
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Fig. 4.18 Master curves of storage modulus (G) on frequency at various PEG content in L-
PLA/PEG blends, Tref  = 180 C 
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Fig. 4.19 Master curves of loss modulus (G) on frequency at various PEG content in L-
PLA/PEG blends, Tref =180 ºC  
118 
 
However it illustrated the discrete phase as well in the matrix if the plasticizer saturation 
point was reached.  As seen in Fig.4.18, the slope of log G vs. log  for the un-processed 
L-PLA was close to 2 (slope = 1.67), similar to the thermo-rheologically simple polymer in 
the terminal regime.  In contrast, the slopes of the storage moduli, in the terminal region of 
low frequencies (0.1-1 rad/s), for L-PLA/PEG blends were 0.90 especially for the blends 
containing 15 wt% and 20 wt% of PEG.   Zheng et.al., (2001)and Du et.al., (2004) reported 
that the experimental values of the slope for G obtained from other phase separated or 
degraded polymer blends varied between 0.5 and 1.  Therefore, the small values of these 
values suggested that the high concentration of PEG may have contributed to the phase 
separation in these blends as verified in the thermal and mechanical characterization. In 
addition,  the use of a plasticizer reduces the intermolecular force and increases the 
mobility of the polymeric chains, thereby improving the flexibility and the extensibility of 
the plasticized polymer (Marcilla and Beltrán, 2004).  
 
The dependences of the dynamic loss moduli of L-PLA/PEG blends on frequency (Fig. 
4.19) indicated that the blends with higher PEG content had lower G values than that of 
unprocessed L-PLA over the frequency range covered. This was due to the fact that G 
represented the viscous behavior (i.e., the amount of energy dissipated), and the addition of 
PEG to the L-PLA produced a material with the lowest energy dissipation. From the view 
of miscibility of blends, the interaction between blends decreased to a certain extent at 
higher PEG content. Hence decreasing in amount of energy dissipated of blends melting 
with all load resulted in the decreased loss modulus (Song et al., 2008). 
 
4.3.2 Steady Shear Rheology 
The steady shear viscosity () of L-PLA/PEG blends at various PEG content at 180 C are 
shown in Fig.4.20. As expected both unprocessed L-PLA and L-PLA/PEG blends melts 
behaved as typical non-Newtonian fluids. The experimental data indicated that addition 
PEG affected steady shear viscosity of L-PLA melt greatly. The steady shear viscosity 
decreased drastically as the PEG content increased.  
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Fig. 4.20 Dependence of shear viscosity on shear rate at various PEG content of B-
PLA/PEG blends at 180 C 
 
Moreover, there was a minor difference of  between unprocessed L-PLA and L-PLA with 
0 wt% PEG even those two materials composted the same structure and without PEG. This 
was mainly due to the fact that the molecular chains were broken down by the strong 
shearing action during extrusion. Another possible cause may have been due to the 
hydrolysis of PLA molecular chains even the materials have been dried by the vacuum 
oven prior an extrusion (Writzk, 1997). Moreover, the critical shear rate between the 
Newtonian plateau region and the shear-thinning region were only observed in the 
unprocessed L-PLA and L-PLA with 0 wt% PEG. The shear-thinning occurrence of those 
materials appeared at shear rate of 4 s
-1
. On the other hand, the shear-thinning region in 
dynamic shear rheology of those materials appeared at frequency of 20 rad/s. 
Consequently, the L-PLA/PEG blends exhibited obviously the Newtonian plateau region 
as increase in PEG content. This refers that the addition of PEG into L-PLA has modified 
the flow behaviour of polymer melt. Since the effect of more disentanglement of PLA 
chains due to increased segmental mobility of PLA chains with increasing of PEG content. 
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Chapter 5 : Properties of B-PLA/PEG Blends 
 
In this chapter, the properties of the pure and plasticized PLA are presented. First, the 
thermal characteristics of the polymers are explained. Next, the steady shear and dynamic 
shear rheology results are discussed. The viscosities and the dynamic moduli of the pure 
and plasticized PLA are then modeled using several different equations to understand the 
rheological properties as a function of frequenc. Finally, the degradation properties of the 
polymers are presented as determined through the rheology experiments. 
 
5.1 The Properties of Unprocessed B-PLA 
It is an established fact that introduction of the branched structure into PLA is the one of 
the promising approaches to overcome the poor properties of PLA e.g. melt strength and 
plastic deformation (Sodergard, 1998, Ouchi et al., 2006, Dorgan and Williams, 1999) . In 
addition, by introducing the branched structure into PLA, the properties such as 
crystallinity, glass transition point (Tg) and melting point temperature (Tm) will be 
influenced as well.  
 
In this study, B-PLA has been produced directly from PLA (4032D, L-PLA) in the 
presence of 0.25 wt% organic peroxide. The production has been done by the reaction in 
the reactive twin screw extruder Table 5.1 and Fig.5.1. 
 
Table 5.1 The characteristics of B-PLA and L-PLA 
 
Properties B-PLA L-PLA 
Mw  (g/mole) 210,000 160,000 
Mn (g/mole) 85,000 87,000 
MWD 2.4 1.9 
MFI (g/10min) 5.6 7.72 
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Fig. 5.1 The molecular weight distribution of B-PLA and L-PLA 
 
Gel permeation chromatography (GPC) was employed to evaluate molecular weight, 
molecular weight distribution and long chain branching (LCB). Weight average molecular 
weight (Mw), number average molecular weight (Mn) and molecular weight distribution 
(MWD) are important parameter used to explain molecular characterisation of the L-PLA 
and B-PLA. Table 5.1 lists the molecular parameters obtained by GPC of L-PLA and B-
PLA. It can be seen that the weight averages molecular weight for B-PLA are much higher 
than L-PLA sample used for experiment in the present study while the number average 
molecular weight was not much different. As expected, the simple addition of organic 
peroxide into L-PLA has exhibited the significant enhancement of molecular weight by a 
free-radical self branching reaction as investigated by Sodergard et al., (1996). This was 
the nicely evidence that B-PLA molecules was superior (higher Mw) due to the appearance 
of branched structure of PLA chains. For the better explanation of these observations, the 
actual molecular weight distribution (MWD) curves for L-PLA and B-PLA are shown in 
Fig.5.1. 
 
L-PLA 
B-PLA 
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The curves of B-PLA independently reacted with organic peroxide shifts to the lower and 
higher molecular weight region possibly due to the occurance of simultaneously thermal 
degradation and chain branching reaction (Sodergard, 1998, Raquez et al., 2006). This 
broadening could be interpreted as the result of the presence of long chain branching 
(LCB) of PLA. The similar behaviour is also observed for LCB polypropylene made by 
reactive processing (Graebling, 2002). In addition, the existence of LCB can be confirmed 
with the viscoelastic spectrum plots as shown in Fig.5.2. It is known that the plateau of the 
loss angle becomes more evident as more long chain branching exists in skeleton chain of 
polymers. The figure shows the tan  vs.  curves of L-PLA and B-PLA at 180C. It could 
be seen that the curves of L-PLA and B-PLA showed noticeable difference in tan . The L-
PLA curve was rapidly decreasing with increasing frequency because the polymer chain of 
PLA is linear. On the other hand, the tan  of B-PLA decreased gradually at the low 
frequency region and approached a plateau with increasing frequency. These results agree 
well with the result of Graebling (2002).  The results were attributed to the existence of 
long chain branching on the PP skeleton that increased the terminal relaxation time. 
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Fig. 5.2 Tan δ and dynamic viscosity plots of unprocessed B-PLA and unprocessed L-PLA 
at 180 °C 
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Moreover, Dealy and Wissbrun (1990) have reported that the zero shear viscosity 
decreases as short chains are added to a polymer backbone. It is only when the branch 
length exceeds some critical value that the branches themselves entangle and lead to an 
increase in the viscosity for a comparable molecular weight. At higher shear rates the 
viscosity of the long branched material may actually be less than the linear material. This 
behaviour was also observed in Fig.5.2 for B-PLA‘s viscosity plot. 
5.2 Thermal Characterization of Unprocessed B-PLA and the B-PLA/PEG Blends. 
The thermographs for the unprocessed B-PLA (Fig.5.3) sample are shifted up and down to 
display them on the same axes. From the thermographs, the Tg, Tcc and Tm of B-PLA at 
heating scan occur at 63 °C, 117 C and 169 C, respectively. At this phase, B-PLA has 
exhibited similar the thermal behaviour regarding to the melting and glass transition 
temperatures compared to L-PLA.  However, there was a difference in the presence of cold 
crystallization peak of unprocessed B-PLA while this peak was unable to observe of 
unprocessed L-PLA. This could be explained that PLA molecules, which were produced 
thoroughly by the reactive extrusion, have attempted to crystallize at the production line. 
However, there were possibly the limitations in the cooling rate in the production line and 
the molecular structures that led to uncompleted crystallization of the unprocessed B-PLA.  
 
 
 
Fig. 5.3 DSC thermograph of unprocessed B-PLA 
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Table 5.2 Results from DSC for the B-PLA/PEG Blends 
 
PEG 
content 
(wt%) 
Cooling Subsequent heating 
Tc 
(C) 
H 
(J g
-1
) 
Tg 
(C) 
Tcc 
(C) 
H 
(J g
-1
) 
Tm 
(C) 
H 
(J g
-1
) 
Xc 
(%) 
Unprocessed 
B-PLA 
- - 63 121 17 169 21 4 
0 98 2 63 114 15 170 24 9 
5 91 9 49 97 6 170 32 29 
10 94 26 35 91 1 168 29 34 
15 97 26 34 - - 168 30 38 
20 100 27 33 - - 167 31 41 
 
 
In addition, the Xc (crystallinity of the unprocessed B-PLA) values (4%) shown in Table 
5.2 suggested that the crystallinity of B-PLA was very low when compared with L-PLA 
due to the effect of branched structure. 
 
In the thermographs for the plasticized B-PLA Fig. 5.4, an unclearly small crystallization 
peak upon cooling appears with a peak of Tc of 0 wt% PEG blend occurs at 98°C. 
Abruptly, the obvious Tc peak was observed at 91 °C. In contrast, addition more wt% of 
PEG up to 20 wt% showed increase in Tc of 94 °C up to 100 °C, respectively as seen in 
Fig. 5.4(a) and Table 5.2. Again, the irregular characteristic of crystallization temperature 
of B-PLA was observed which similar to the L-PLA blends. This was the hindering effect 
of PEG molecules during the crystallization process of PLA as explained in section 4.1.2. 
Nevertheless, addition more wt% of PEG would be able to enhance the crystallization rate 
of B-PLA as well. For that reason, it could be said that the addition of a plasticizer would 
increase the polymer chain mobility and would enhance the crystallization rate by reducing 
the energy required during crystallization for the chain folding process. 
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Fig. 5.4 Thermograms of B-PLA/PEG blends obtained with a heating rate of 10C /min. 
 (a) cooling thermograms (b) subsequent heating thermograms 
 
(a) 
(b) 
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On subsequent heating (Fig.4.22 (b)), thermograms showed the glass transition 
temperature (Tg) cold crystallization (Tcc) and melting temperature (Tm) of each PEG 
content. Incorporation of PEG into B-PLA enhanced the segmental movement of the PLA 
molecular chain, changing its thermal transition behaviour. As the content of plasticizer 
increased up to 20 wt%, the glass transition temperature reduced approximately 49C to 
33C. This was due to the reduction in cohesive forces between the polymer chains. 
Plasticizer molecules penetrated into the polymer matrix and establish polar attractive 
between it and polymer chains. These attractive forces reduce the cohesive forces between 
the polar chains and increase the segmental motion, thus reduce Tg. In addition, the 
decrease in Tg of plasticized B-PLA were demonstrated in the same way of plasticized L-
PLA, implying the enhancement of molecular chains mobility by the addition of PEG. 
 
Moreover, an enhanced crystallizability of B-PLA in the blends containing PEG was also 
obtained by decreasing in Tcc.  In contrast, for samples containing higher PEG content (15 
and 20 wt% PEG), cold crystallization was no longer visible. Therefore, it could be 
concluded that the addition of PEG greatly increased the crystallization rate of B-PLA. The 
subsequent melting temperature of plasticized B-PLA shifts slightly to lower temperature. 
It clearly appears that PEG induced a decrease in both PLA‘s melting po int as already 
noticed by Younes and Cohn (1988). The significant explanation was a lower capacity of 
the short chains of PEG have to crystallize and their high mobility, which are powerful 
enough to plasticize B-PLA chains.  
 
Moreover, there is a double peak of melting peak at 0 wt% PEG in Fig. 5.4 (b). There are 
two reasons why double peaks were observed. Firstly, few authors (Nijenhuis et al., 1996) 
had reported this behaviour as a result of lamellar rearrangement during crystallization of 
PLA: low-temperature peak or shoulder was formed on the melting endotherm of the 
original crystallites, and the high-temperature peak was formed on the melting endotherm 
of  the recrystal crystallites. In another case, Cartier et al.,(2000) described the two melting 
peaks may be a result of the difference of crystalline structure that can exist in PLA. In this 
investigation it was also found that the endotherm of the low-temperature peak of melting 
suddenly disappeared after the addition of PEG. This behaviour indicated that the 
plasticizer made crystallization of PLA easier to achieve. This result was in agreement with 
the disappearance of cold crystallization peak. 
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Table 5.2 also shows the crystallinity of the blends which was determined from Eq.(3.1). 
The plasticized B-PLA showed crystallinity increases from 29 to 41% for the sample 
containing 5 -20 wt% of PEG. All values were lower than crystallinity of plasticized L-
PLA. This was possibly due to the poor folding property of branched structure, which may 
have hindered crystallization at the quiescent state. As described by Kim et al., (2004), 
they explained that a steric hindrance effect made the polymer chain have difficulty in 
transporting the chain segments to crystallization.  
 
On the other hand, Fig. 5.4 (b) shows the small melting peak of PEG at high plasticizer 
content (20 wt% PEG blends) that probably was due to the phase-separation of pure PEG 
in these blends. This could be concluded that the B-PLA was able to be plasticized with 
PEG at the higher content when compared with plasticized L-PLA due to more free 
volume between branched structures. 
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5.3 Mechanical and Morphological Characterization 
5.3.1 Tensile Properties 
The tensile properties of plasticized B- PLA in different PEG contents samples are shown 
in Figs. 5.5 – 5.9. The stress-strain curves of B-PLA/PEG blends illustrate the typical 
responses observed for this material during the tensile tests as shown in Fig. 5.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5 Stress-Strain curves of B-PLA/PEG blends 
 
 
The B-PLA with 0 wt% PEG sample displays a curve as a brittle material that did not 
exhibit a yield point (Anderson et al., 2003) while the addition of plasticizer increases the 
ductility for higher plasticizer concentration, showing the stress yield points. However, 
more addition of plasticizer hardly affects on the elongation at break of the B-PLA/PEG 
blends showing the maximum in % strain at only 8 %. Therefore, the introduction of 
branched structure into PLA and addition of PEG have slightly resulted in improvement of 
the elongation of PLA. 
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The tensile properties of plasticized B-PLA are shown in Figs. 5.6 – 5.9. When B-PLA 
sample was stretched without PEG, the tensile strength, tensile modulus and % tensile 
strain at break were 51 MPa, 2.8 GPa and 3.0 % respectively.  For plasticized B-PLA at 5 
wt% and 10 wt% PEG, a dramatic decrease in the tensile strength could be observed at 33 
and 35 MPa, respectively. Then, a gradual decrease was also noticeable at higher 
concentrations (15 and 20 wt %, respectively) (Fig. 5.6). On the other hand, the tensile 
strength of plasticized B-PLA in all concentration was lesser than plasticized L-PLA. This 
probably due to the decrease in % Xc of plasticized B-PLA and more active region (free 
volume) between molecular chains of B-PLA. As the effect of PEG leading to low 
interfacial adhesion between B-PLA molecular chains (Jacobsen and Fritz, 1999, Veronica 
P. Martino et al., 2006) resulted in the decrease in tensile strength.  
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Fig. 5.6 Effect of PEG content on tensile strength of B-PLA/PEG blends 
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Moreover, from Fig.5.7 a gradual decrease in the tensile modulus from 2.8 to 1.1 GPa was 
observed as the concentration of PEG increased from 0 to 20 wt% in the B-PLA/PEG 
blends. Since PEG as a low molecular weight plasticizer exhibited as a solvent in polymer 
mixing. It was able to reduce the cohesive force between the molecular chains. Therefore, 
the increase in plasticizer content resulted in the decrease of polymer‘s stiffness (Murariu 
et al., 2008).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7 Effect of PEG content on tensile modulus of B-PLA/PEG blends 
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As expected, a decrease in the tensile modulus of plasticized B-PLA still correlate quite 
well with the reduction of  Tg (Fig. 5.8) indicating more flexible of plasticized B-PLA 
samples. 
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Fig. 5.8 Tensile modulus and glass transition temperature of B-PLA/PEG blends 
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In the meantime, there was minor improvement of elongation at break value of B-PLA 
when blended with 5-20 wt % of PEG as shown in Fig.4.27. As discussed in section 4.1.3, 
the addition of plasticizer still enhanced the segmental mobility of PLA chains increased 
the ability of PLA to the plastic deformation, decreased the yield stress and increased the 
elongation at break. 
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Fig. 5.9 Effect of PEG content on % strain at break of B-PLA/PEG blends 
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5.3.2 Impact Properties 
In this observation, the impact resistance that can be obtained in the blends increases as the 
modulus of the plasticized B-PLA decreases. Conversely, at 20 wt% PEG, the abruptly 
decrease of the impact value was observable as shown in Fig. 5.10. Clearly, it could be 
seen that the presence of PEG as a plasticizer in B-PLA marginally increases the toughness 
of B-PLA. For B-PLA/PEG blend (0 wt% PEG), the average value was 24 J/m but the data 
increased dramatically to 26, 28 and 34 J/m for B-PLA/PEG samples containing 5, 10 and 
15 wt% PEG, respectively. 
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Fig. 5.10 Impact strength of B-PLA/PEG blends 
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The increase in impact strength of B-PLA blended with PEG due to the plasticizer 
interacted with the polymer chains distributing itself uniformly within the polymer, hence 
creating additional free volume in polymer samples. This mechanism can be explained 
with the schematic in Fig. 5.11. In contrast, the plasticized B-PLA showed values higher 
than the plasticized L-PLA at all PEG content, even though, there was a decrease in impact 
strength at 20 wt% PEG of B-PLA.  
 
As supposed the decrease in impact strength would be observed at higher PEG content as a 
result of phase separation of PEG (Kulinski and Piorkowska, 2005, Pillin et al., 2006, 
Murariu et al., 2008) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.11 Schematic of plasticization reaction and microstructure of plasticized polymer 
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The varying of impact resistance could also be proved by SEM micrographs of the impact-
fractured surfaces. The SEM micrographs presented the fracture surface of B-PLA/PEG 
blend (0 wt% PEG) with little amount of plastic deformation and distribution of the voids 
which are the locations of the rubbery areas resembling shear–yielding as shown in Fig. 
5.12 (a) (X1000 magnification). The fracture surface also exhibited typical morphology 
observed for miscible systems. Since the fractured surface of B-PLA/PEG blends consist 
of the rubbery areas resembling shear–yielding as mentioned previously, this could lead to 
the better impact strength of B-PLA than L-PLA.  
 
The occurring of shear-yielding had occurred during the impact test, resulting in a ductile 
break. SEM micrographs of the impact-fractured surfaces show more evidences of ductile 
fractures as more fibrils, voids and also rough areas can be observed from the surfaces with 
the increase in PEG content. Ductile fibril formations and more rough areas were observed 
on the impact surfaces as shown in Fig. 5.12 (b), (c) and (d). This proved that the PEG 
was equally dispersed into B-PLA matrix, which made the sample remarkably more 
ductile. When PEG content was above 15 wt%, the white round shapes of PEG as a PEG 
crystal were observed in Fig. 5.12 (e). In addition, the sample containing 20 wt% PEG 
content also showed a smooth fractured surface indicating brittle fractured areas with 
considerable voids of submicron size, which was probably caused by the accumulation of 
PEG during phase separation. This phenomenon was also proven by DSC measurement as 
the presence of small crystallization peak of PEG at plasticized B-PLA with 20 wt% PEG. 
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Fig. 5.12 SEM micrographs (1000X) of the fractured surfaces of the B-PLA/PEG blends 
with (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20 wt% PEG 
 
(a) (b) 
(c) (d) 
(e) 
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5.3.3 The Correlation of Impact Strength and Crystallinity. 
In this section, the level of crystallinity of the B-PLA has also played a crucial role in the 
impact strength properties, with low levels of B-PLA‘s crystallinity (less than 40 %) being 
desirable for high impact strengths. As seen in Fig.5.13 , based on the DSC data for B-
PLA/PEG blends the increase of crystallinity of plasticized B-PLA enhanced the impact 
resistance significantly. On the other hand, the impact resistant suddenly dropped when the 
level of crystallinity reached up to approximately 40 % (at 20 wt% PEG). Based on Fig. 
5.13, the impact strengths of these blends are not that sensitive to the level of crystallinity 
(at less than 40 %), reached up to 34 J/m. However, at higher levels of crystallinity more 
than 40%, the impact strength decreases to 23 J/m.   The impact strength of the plasticized 
B-PLA of high PEG content decreased indicating less flexible in molecular chains. At this 
high level of crystallinity, the degree of chain entanglements in amorphous region was low 
and resulted in less flexibility of the molecular chains as described by Grijpma and 
Pennings (Grijpma et al., 1994). This behaviour caused the decline in the active region 
(free volume) in molecular chains that cause absorbable of energy decreases within the 
process of deformation as described by schematic in Fig.4.11. 
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Fig. 5.13 Correlation of % crystallinity and impact strength of B-PLA/PEG blends 
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5.4 Rheological Characterization 
As already seen in the L-PLA/PEG blends, plasticizer content has a strong influence on the 
viscoelastic behaviours in terms of decreased viscosity and dynamic moduli. Moreover the 
molecular weight can be varied as the effect of plasticizer that led to difference in flow 
properties as well. In this section, the branched structures have been introduced into PLA, 
as B-PLA to improve the rheological properties and B-PLA/PEG blends were also 
investigated to compare the behaviours with L-PLA/PEG blends.  
5.4.1 Dynamic Shear Rheology 
Initially, LVER observation of B-PLA was also examined as shown in Fig. 5.14. It 
displays the LVER of unprocessed B-PLA at constant frequency of 10 rad/s, 180 C. The 
unprocessed B-PLA sample exhibited a constant G, refers to the linear viscoelastic region 
of this materials in the 0.1-15 % range of applied strain. The end of the linear viscoelastic 
region is indicated by a decrease of G value. So, all further experiments of B-PLA/PEG 
blends could be carried out using a strain value at less than 10 % similarly to L-PLA/PEG 
blend systems. Hence, all these tests are performed at temperature ranging from 175, 180 
and 190 °C and a constant of % strain (% ) at 10 % and varying of frequency (). 
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Fig. 5.14 Dependence of the storage modulus (G) and complex viscosity (*) on applied 
strain for unprocessed B-PLA at 180 °C. The frequency is 10 rad/s 
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In order to establish the validity of the Cox-Merz Rule, steady state data is obtained over a 
range of shear rates for the B-PLA at 180°C to compare to the frequency sweep data. The 
comparison of the steady state and dynamic viscosities is shown in Fig. 5.15. 
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Fig. 5.15 B-PLA frequency sweep and steady state results at 180°C to show validity of 
Cox-Merz rule 
 
At the lower rates, there is a good agreement between the steady shear and dynamic 
viscosities. However, at the higher rates tested the steady shear viscosity was alot lower 
than the dynamic viscosity similarly to the behaviour of L-PLA. The shear thinning was 
observed at shear rates greater than 1.0 s
-1
, similar to dynamic shear viscosity plot at more 
than 1 rad/s. However, the steady shear plot exhibited the more shear thinning than 
dynamic shear plot. The variation between these two techniques has been observed before 
for other bio-based polymers, and is at least partially linked to degradation of the material 
(Daly et al., 2005).  
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In Fig. 5.16, the viscoelastic properties of the unprocessed B-PLA at 180°C are shown. All 
important data are shown in this graph including dynamic viscosity (), storage modulus 
(G), and loss modulus (G). The unprocessed B-PLA data were obtained from dynamic 
frequency sweep measurement carried out directly on the pellets which were produced 
from reactive extrusion. The viscosity is nearly independent of the frequency at a value 
around 6000 Pa-s. This is called the zero-shear viscosity (0) or Newtonian plateau. In 
addition,  the broad curvature of the G' and G curves in the low frequency terminal regime 
are only truly observable when the measurements reach the low frequency terminal regime, 
which is confirmed by slopes of 1.04 for G' and 0.74 for G. At high frequency regime 
(10-100 rad/s), the slope of the shear thinning region can be observed and quantified as the 
degree of shear thinning for different polymers. This value can be determined from the 
modified Cross fit model (Eq.3.5). In Fig. 5.16, the value of the slope of shear thinning 
region the unprocessed B-PLA at 180 °C is 0.55 over a frequency range of 10-100 rad/s 
and the appearance of shear thinning behaviour seemed to be more noticeable if the 
experiments could be examined at higher frequency. 
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Fig. 5.16 The frequency sweep of unprocessed B-PLA at 180 ºC 
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Unprocessed B-PLA also exhibited as the viscous material which are dominant at 
frequencies ranging from 0.1-100 rad/s (i.e. G > G) and the elastic characteristics are 
seemed to be occurred high frequencies (more than 100 rad/s) (i.e. G > G). In this 
material, the crossover frequency seem to be observed at high frequency of 100 rad/s while 
the crossover frequency of unprocessed L-PLA was invisible (Fig 4.14). This could be 
explained that the significantly branched structures and higher in the molecular weight of 
unprocessed B-PLA cause the molecular chain mobility of B-PLA harder than L-PLA. The 
basic idea is that while linear molecules relax primarily by reptation, branch points prevent 
reptation, and the limiting relaxation mechanism is the much slower fluctuation of arm 
length. Therefore, the relaxation times also increased (the decrease in reciprocal of 
crossover frequency). In addition, it is well understood that the viscoelastic properties in 
the terminal zone are dominated by the terminal relaxation time and in which a molecule of 
B-PLA may be constrained by the entanglement of branched structures (Ferry, 1980). 
Compared with Fig.4.14, the unprocessed B-PLA has a small Newtonian plateau and starts 
to shear thin at a lower shear rate than unprocessed L-PLA. The higher value of  and G 
show that unprocessed B-PLA is more elastic than the unprocessed L-PLA, and the 
elasticity extends the linear viscoelastic spectrum to long relaxation times (Ramkumar and 
Bhattacharya, 1998).  
 
In this investigation, TTS curves of unprocessed B-PLA was also constructed and the 
viscosity curves was fitted with modified Cross model (Eq.3.5) to calculate the zero shear 
viscosity (0). Fig. 5.17 shows master curves created by time temperature superposition 
performed on the unprocessed B-PLA samples. The master curve is referenced to 180°C 
and is constructed from isothermal curves obtained at three different temperatures (175°C, 
180°C and 190°C). The unprocessed B-PLA exhibited a Newtonian plateau at low 
frequency at a value around 6000 Pa.s. and seemed to be shear-thinning at high frequency. 
Compared to the original plots in Fig. 5.16, the frequency range has been expanded in 
lower and higher frequency, which provides a better picture of the zero-shear viscosity, 
shear thinning behavior and crossover frequency. At this master curve, the zero shear 
viscosity obtained from the modified Cross model is 6,610 Pa.s. In addition, the crossover 
frequency which is referred to the relaxation time could be observed obviously at the 
frequency approximately 105 rad/s while crossover frequency of TTS curve of 
unprocessed L-PLA was observable at 200 rad/s. 
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Fig. 5.17 Master curves of unprocessed B-PLA samples created by time temperature 
superposition performed at temperature ranges 175, 180 and 190 ºC 
 
In order to compare the rheological properties with plasticized L-PLA, B-PLA has also 
been blended with PEG at the same concentration. Fig. 5.18 presents the master curve of 
complex viscosity of B-PLA/PEG blends at various PEG concentrations. As compared 
with unprocessed B-PLA, the plasticized B-PLA with 0 wt% PEG (processed B-PLA 
without PEG) also exhibited a clear Newtonian Plateau at low oscillation frequency but 
with a much lower zero-shear rate viscosity value (around 2000 Pa.s). Its viscosity curve 
seemed to be shear thinning behaviour at higher oscillation frequency than shear thinning 
region of unprocessed B-PLA. It was also noticed that the plasticized B-PLA with 0 wt% 
PEG by twin screw extruder exhibited the extremely lower complex viscosity than 
unprocessed B-PLA.  
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Fig. 5.18 The master curve of complex viscosity of B-PLA/PEG blends at various PEG 
concentrations 
 
This could be explained that the disentanglement of molecules due to the mechanical 
deformation from extrusion led to a decrease of the complex viscosity of the processed B-
PLA compared to the unprocessed B-PLA. This behaviour was also found by Stange et al. 
(2005).  They compared the unextruded LCB-PP and extruded LCB-PP which were 
prepared in comparison process between a kneader and extruder. They explained that the 
zero shear-rate viscosity of the kneaded LCB-PP was lower than the value of the 
unextruded LCB-PP but not as low as the value of the extruded LCB-PP. This is an 
indication that the changes of the entanglement network during the kneading process are 
not as pronounced as during the extrusion process. In addition, this behaviour was possibly 
due to the presence of low molecular weight molecules in B-PLA as seen in Fig.5.1 that 
have acted as a lubricant in the molecules. 
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When addition more PEG concentration, the blends exhibited a more pronounced 
Newtonian response with an extended Newtonian plateau compared with unprocessed B-
PLA. The zero-shear viscosity values seemed to be decreasing as the PEG concentration 
increased. This was the effect of more disentanglement of PLA chain due to increased 
segmental mobility of PLA chains with increasing of PEG content. In addition, it could 
also be noticed from Fig. 5.18 that the degradation in B-PLA during processing in the 
presence of plasticizer with ester groups could be observed. This was also proved by the 
decrease in molecular weight characteristics of B-PLA as shown in Table 5.3. 
 
Table 5.3 Shows the B-PLA molecular weight at different PEG concentration 
 
Materials Mw Mn MWD 
Unprocessed B-PLA 2.1 x 10
5 
8.5 x 10
4
 2.47 
0 wt% PEG 1.6 x 10
5
 8.2 x 10
4
 1.95 
5 wt% PEG 1.2 x 10
5
 6.6 x 10
4
 1.81 
10 wt% PEG 6.8 x 10
4
 3.8 x 10
4
 1.79 
15 wt% PEG 4.8 x 10
4
 2.8 x 10
4
 1.71 
20 wt% PEG 4.2 x 10
4
 2.5 x 10
4
 1.68 
 
 
Moreover, all parameters from TTS master curves in Fig. 5.18 were obtained by fitting the 
modified Cross model as shown in Table 5.4. The correlation coefficient (r
2
) in each curve 
varied ranging from 91.8 - 994. In addition, the incorporation of PEG led to the decreasing 
value of m and decreasing in 0. This referred that addition more PEG content into B-PLA 
could lead to decreasing in relaxation time and shear thinning tendency. The explanation 
was that the addition of PEG was easier to cover with PLA chains, which become 
disentangled under higher shear rate. Moreover, PLA blended with PEG also improved the 
elastomeric behaviour of matrix, which would resist the flow and therefore reducing the 
value of m. These characteristics were also identified in plasticized L-PLA.  
 
 
 
 
145 
 
Table 5.4 Rheological characterization of B-PLA and plasticized PLA melts 
 
Sample 0 wt% PEG 5 wt% PEG 10 wt%PEG 15wt% PEG 20wt% PEG 
0(Pa.s) 1876 691 329 242 199 
0 (s) 0.029 0.01 0.006 0.002 0.001 
m 0.57 0.37 0.18 0.09 0.05 
r
2
(%) 99.4 91.8 93.2 92.5 92.5 
 
 
 
The corresponding storage modulus (G) and loss modulus (G) for these blends shows in 
Fig. 5.19 and Fig. 5.20, respectively.  As discussed in L-PLA/PEG blends, the moduli of 
PLA decreased with increasing plasticizer loading at all frequencies. Unprocessed B-PLA 
and plasticized B-PLA (0-20 wt% of PEG) exhibited the rheological behaviour of a typical 
polymer melt as characterized by a storage modulus (G, Fig. 5.19) smaller than the loss 
modulus (G,Fig. 5.20). However, lower frequency dependency was also observed at high 
PEG content. This is accepted to be attributed to the change of the shape of the discrete 
phase in the polymer matrix during the oscillatory shear deformation, namely shape 
relaxation (Ferry, 1980, Bousmina et al., 1995) as discussed in L-PLA/PEG blends. 
 
In this investigation, at medium to low frequency region the storage modulus exhibited 
weak frequency dependency with increasing PEG content, such that there were gradual 
changes of behaviour from liquid-like (G()  2) to solid-like with increasing PEG 
content. At frequency less than 1 rad/s, the frequency dependent transition of the blends at 
high PEG content could be observed as changing in the slope. The frequency dependent 
transition of B-PLA/PEG blends at PEG concentration higher than 15 wt% was observed at 
frequency range 1.0 – 10.0 rad/s. It could be concluded that at higher PEG concentration 
the Gcurves exhibited a plateau distinctly at the low frequencies as the blends seemed to 
be a solid like behaviour. 
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Fig. 5.19 Master curves of storage modulus (G) on frequency at various PEG content in  
B-PLA/PEG blends, Tref = 180 C. 
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Fig. 5.20 Master curves of loss modulus (G) on frequency at various PEG content in B-
PLA/PEG blends, Tref  = 180 C 
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However it illustrated the discrete phase as well in the matrix if the plasticizer saturation 
point was reached.  As seen in Fig. 4.36, the slope of log G vs. log  for the un-processed 
B-PLA was close to 1.1, similar to the thermo-rheologically simple polymer in the terminal 
regime.  In contrast, the slopes of the storage moduli, in the terminal region of low 
frequencies (0.1-1 rad/s), for B-PLA/PEG blends were much smaller than 1.0 especially 
for the blends containing 20 wt% of PEG.   Zheng et.al.,(2001) and Du et.al.,(Du et al., 
2004) reported that the experimental values of the slope for G obtained from other phase 
separated or degraded polymer blends varied between 0.5 and 1.  Therefore, the small 
values of these exponents suggested that the high concentration of PEG may have 
contributed to the phase separation in these blends as verified in the thermal and 
mechanical characterization. 
 
The dependences of the dynamic loss moduli of B-PLA/PEG blends on frequency (Fig. 
5.20) indicated that the blends with higher PEG content had lower G values than that of 
unprocessed B-PLA over the frequency range covered. This was due to the addition of 
PEG to the B-PLA produced a material with the lowest energy dissipation. The slope of G 
of B-PLA/PEG blends was 0.86 while the L-PLA/PEG blends presented the slope of G at 
0.95. This also referred that the L-PLA/PEG blend systems exhibited more viscous 
behaviour than B-PLA/PEG blends since the difference in molecular chain structures. 
From the view of miscibility of blends, the interaction between blends decreased to a 
certain extent at higher PEG content. Hence decreasing in amount of energy dissipated of 
blends melting with all load resulted in the decreased loss modulus (Song et al., 2008). 
 
In addition, estimations of the molecular weight between entanglements (Me) in the melt 
can also be obtained from the plateau modulus ( 0nG ) in TTS master curve. In this 
experiment, Me of 0.78 x 10
5
 was calculated for unprocessed B-PLA and for other PEG 
contents of B-PLA/PEG blends were also calculated as shown in Appendix A. According 
to Appendix A, The values of Me indicated that the occurrence of chain entanglements 
were obtained in B-PLA system but there was insignificant entanglement in L-PLA 
system. Moreover, the chain entanglement was unobtainable at the addition of the PEG in 
both L-PLA and B-PLA system. 
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5.4.2 Steady Shear Rheology 
Fig. 5.21 shows the steady shear viscosity of B-PLA/PEG blends at various PEG content at 
180 C. Unprocessed B-PLA and B-PLA/PEG blends melts behaved as typical non-
Newtonian fluids. The experimental data indicated that addition PEG affected steady shear 
viscosity of B-PLA melt greatly. The steady shear viscosity decreased drastically as the 
PEG content increased.  
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Fig. 5.21 Dependence of shear viscosity on shear rate at various PEG content of B-
PLA/PEG blends at 180 C 
 
The critical shear rate between the Newtonian plateau region and the shear-thinning region 
were obviously observed in the unprocessed B-PLA and rarely in B-PLA blended with 0 
wt% of PEG. The shear-thinning behaviour unprocessed B-PLA appeared at shear rate of 1 
s
-1
, while at approximately 10 s
-1
, the shear  thinning region of B-PLA with 0 wt% of PEG 
was observed. 
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In this steady shear mode, there also was a significant difference of  between unprocessed 
B-PLA and B-PLA with 0 wt% PEG even those two materials composted the same 
structure and without PEG. This was mainly due to the fact that the molecular chains were 
broken down by the strong shearing action during extrusion. Another possible cause was 
the result of small molecules produced from the reactive extrusion (Section 5.1, Fig.5.1); 
act as a plasticizer in this material. Consequently, the B-PLA/PEG blends exhibited 
obviously the Newtonian plateau region as increase in PEG content. This refers that the 
addition of PEG into B-PLA also modified the flow behaviour of polymer melt similar to 
B-PLA/PEG blend.  
.  
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Chapter 6 : Properties of L-PLA/B-PLA Blends and L,B-PLA/PEG 
Blends 
 
In the previous section, L-PLA/PEG blends and B-PLA/PEG blends have been 
investigated the effect of addition PEG into PLA of different chain architectures in terms 
of thermal, mechanical, morphological and rheological properties. Comparably, B-
PLA/PEG blends have exhibited the higher impact resistant, melt viscosity and dynamic 
moduli than L-PLA/PEG blends. These were the results of the containing of branched 
structures that led to an increased in chain entanglements of branches themselves and 
enlarged of free volume between the molecular chains (Dorgan and Williams, 1999, Stange 
et al., 2005). 
 
Surprisingly, there is very little literature examining the effects of plasticization 
linear/branched PLA blend with PEG. Possibly, combining the blend of linear and 
branched PLA and plasticizers could have higher melt viscosity and more flexible 
polymer, due to increase in chain entanglement and the enhanced chain mobility. 
Therefore, L-PLA and B-PLA blends in different compositions have been examined. The 
most desirable component was chosen for plasticization with PEG. Moreover, the effects 
of addition PEG were also investigated as the previous sections. 
 
6.1 Investigation of Optimal Component of L-PLA/B-PLA Blends. 
Firstly, L-PLA and B-PLA have been blended through the twin screw extruder in the ratio 
of 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 30/70, 10/90 and 0/100 where the first and 
second number represent L-PLA and B-PLA by weight percentage, respectively. 
Subsequently, all compositions were characterized the properties of dynamic shear 
rheology and impact resistance to optimize the proper component to be further plasticized 
with PEG.   
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6.1.1 Thermal Properties of L-PLA/B-PLA Blends. 
To investigate the miscibility of L-PLA with the B-PLA, all thermal properties were 
measured by DSC. The results are summarized in Table 6.1. 
 
Table 6.1 The thermal characteristics for the L-PLA/B-PLA Blends 
 
B-PLA 
content 
(wt%) 
Cooling Subsequent heating 
Tc 
(C) 
H 
(J g
-1
) 
Tg 
(C) 
Tcc 
(C) 
H 
(J g
-1
) 
Tm 
(C) 
H 
(J g
-1
) 
Xc 
(%) 
0 96 12 62 100 12 171 38 27 
10 - - 63 107 26 157 & 165 29 3 
20 - - 63 115 30 159 & 167 33 3 
30 98 3 64 116 29 166 & 170 31 2 
40 98 1 63 107 22 169 28 6 
50 99 1 63 115 17 170 27 11 
70 100 4 63 110 21 170 29 9 
90 100 3 64 111 16 171 23 8 
100 98 2 63 114 15 170 24 9 
 
The analysis of the DSC diagrams (Fig.6.1) shows that both neat PLA exhibit both Tg and 
Tm, due to the semicrystalline structure of the materials. However, lowering of both Tm and 
% Xc were observed with an increase of the content of B-PLA in the blends. This shows 
that the branching units do not only affect the crystallizability of the branched materials, 
but also of their blends with the L-PLA. Fig.6.1 shows the heat capacity as a function of 
temperature for L-PLA/B-PLA blends. Each curve exhibits only one step in heat capacity 
at the glass transition between the Tg of the neat materials in proportion to the amount of 
each phase present in the blend, indicating miscibility. In contrast, the blends are 
characterized by double melting peaks at 10, 20 and 30 wt% of B-PLA. This is a common 
phenomenon for polymers, because melting of the original crystal, subsequent 
recrystallization, and melting processes during heating are involved. The low temperature 
melting peak should be associated with the fusion of the crystals grown by normal primary 
crystallization, whereas the high-temperature melting endotherm related to the melting 
peak of the most perfect crystals after reorganization during the heating process in DSC 
measurement (Nijenhuis et al., 1996, Cartier et al., 2000).  
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Fig. 6.1 Thermograms of L-PLA/B-PLA blends obtained with a heating rate of 10C /min. 
 (a) cooling thermograms (b) subsequent heating thermograms 
 
(a) 
(b) 
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In this investigation it was also found that the endotherms of the low-temperature peak of 
melting disappeared when 30 wt% of B-PLA was added. Simultaneously, the appearance 
of crystallization in cooling stage was also observed at this content. This behaviour 
indicated that the appropriate ratio of B-PLA in L-PLA/B-PLA blends was able to assist 
the crystallization process. Furthermore, the marginal increase in % Xc was seen at B-PLA 
content higher than 30 wt% from 6% to 11 % while it was still lower than pure L-PLA and 
B-PLA. The possible explanation of the decrease in % Xc is that the disorder of branched 
structures in the blends has led to hindering of crystallization process.  
 
6.1.2 Dynamic Shear Rheology of L-PLA/B-PLA Blends. 
 
A typical dynamic viscosity plots for the L-PLA/B-PLA blend samples is shown in Fig. 
6.2. The curves were obtained from data collected at 180 °C and the comparison of 
dynamic viscosity at 1 rad/s (Newtonian region) of each component was also presented in 
Fig.6.2. 
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Fig. 6.2 The dynamic viscosity plots of L-PLA/B-PLA blends at 180 ºC 
 
 
154 
 
1016 1017
1042
1481
2136
2566
1852
1186
1645
0
500
1000
1500
2000
2500
3000
0 10 20 30 40 50 60 70 80 90 100

' 
 (
P
a
.s
) 
@
 1
 r
a
d
/s
B-PLA content (wt%)
Log Additivity Rule
The dynamic shear viscosity of the L-PLA is significantly lower than that of the B-PLA 
within the measured frequency range (Fig. 6.2). Moreover, it also appeared that L-PLA 
had a longer Newtonian region than B-PLA, and the addition of B-PLA reduced the 
Newtonian region of the blends as well. The prediction of the viscosity of the blends was 
followed by the Equation 6.1 (Abraham et al., 1996) 
 

i
iappiblendapp )ln(w)ln(         (6.1)                          
where ηapp is the viscosity and wi is the weight fraction of the  ith component of the blend. 
 
From Fig. 6.3, the viscosities of the blends follow the log additivity rule prediction up to 
B-PLA content of 30 wt %. For the blend with 40 – 70 wt% of B-PLA the viscosity is 
shifted to values higher than those corresponding to the additivity rule. The dynamic 
viscosities of blended PLAs show a positive deviation from log additivity rule prediction 
as shown in Fig.6.3. 
 
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3 The comparison of dynamic viscosity of L-PLA/B-PLA blends at 180 ºC 
 
i
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On the other hand, the viscosity of the blend at 90 wt% of B-PLA was lower viscosity than 
that of 100 wt% of B-PLA. This can be concluded that the blends exhibited the synergistic 
properties showing a significant improvement of dynamic viscosity more that pure B-PLA 
at content of 40, 50 and 70 wt% of B-PLA. A positive deviation from the log additivity 
rule prediction is observed in blends that are miscible with one another. A similar result for 
linear and branched blends of polyethylene has been previously reported (Abraham et al., 
1996). The possible explanation is related to the free volume of the polymer chains. The 
Doolittle equation ( (6.2) relates free volume to the viscosity (Painter and Coleman, 1997):  
 
     
     
   
 
 
Where V is the total system volume and Vf is the free volume. Therefore, as the free 
volume increases, the viscosity decreases and vice versa. This suggests that the viscosity of 
the blends is higher than the log additivity rule predicts, because the free volume has 
decreased. This decrease in free volume within the blends may appear as the effect of more 
entanglement between linear and branched molecular chains by twin screw extrusion. 
However, it must be remembered that degradation of the material during the conditioning 
period produces low molecular weight species capable of affecting the free volume. The 
L,B-PLA at 50 wt% of B-PLA has molecular weight at 150,000 g.mol
-1
 that demonstrated 
the moderate value between L-PLA and B-PLA. This is an indication that the lower in 
molecular weight of the blend and the presence of branched structure have resulted in more 
entanglement and decrease in free volume and resulting in increase in viscosity, 
respectively. However, it can also be postulated that the disentanglement of the branched 
fraction in the blend with 90 wt % B-PLA during the extrusion process is responsible for 
the lower viscosity. This behaviour has been previously discussed in the investigation of L-
PP/LCB-PLA blends (Stange et al., 2005). 
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As shown in Fig.6.4, L-PLA/B-PLA melts show viscoelastic behaviours which are 
combination of irreversible viscous flow due to the polymer chain slippage and reversible 
elastic deformation due to molecular entanglement (Gu et al., 2008 ). The slopes of G() 
and G() for all L-PLA/B-PLA melts are considerably lower. The lower slope values and 
higher absolute values of dynamic moduli indicate the formation of entanglement 
structures in L-PLA/B-PLA melts. It is known that B-PLA is composed of the branching 
structure. Its molecular chain is more flexible than that of L-PLA and is easier to entangle. 
The entanglement density is higher than that of L-PLA, leading to high reversible elastic 
deformation (G) of the melts. On the other hand, the relaxation of the structures with 
higher entanglement density is prevented partially. Therefore, the terminal slopes decrease 
with the incorporation of B-PLA.  
 
The greater in chain entanglement of L-PLA/B-PLA blends was also proved by the 
estimation of 0nG  from moduli plots. For instance, the Me of L-PLA/B-PLA blend in which 
of the processed L,B-PLA (0 wt% PEG) was lower than the values of L-PLA (0 wt% PEG) 
and B-PLA (0 wt% PEG) as shown in the Appendix A. This indicated that the blend of L-
PLA/B-PLA exhibited more chain entanglements than neat L-PLA and B-PLA. From the 
Fig.6.3, the synergistic behaviour in term of melt properties as the influence of more chain 
entanglement could be observed especially at 40-70 wt% of B-PLA content. 
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Fig. 6.4 Storage modulus (G) and loss modulus (G) of L-PLA/B-PLA blends at 180 ºC 
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6.1.3 Impact Strength and Morphological Properties of L-PLA/B-PLA Blends. 
In this work, the impact strength of the blends of linear and branched PLA were measured 
following the ASTM standard specification ASTM D256. Impact test bars of dimensions 
12.7 mm x 63.5 mm x 3.17 mm were prepared by compression moulding. The samples 
were notched and a pendulum hammer of 1.36 J was used.  
 
In this experiment, the impact strength of the blends was also measured for various B-PLA 
contents, as shown in Fig.6.5.  Increase in the B-PLA content resulted in a gradual increase 
in toughness from 25.3 J/m to 33.5 J/m of B-PLA 0 wt% to 30 wt%, respectively. Then, 
the impact strength was significantly changed from 33.5 J/m for B-PLA 30 wt% to 43.9 
J/m for the B-PLA 40 wt%. Further addition of B-PLA up to 90 wt% caused a steady 
reduction in impact strength to approximately 29.7 J/m. It is interesting to note that the 
blends 30, 40 and 50 wt% of B-PLA had greater impact strength than the pure B-PLA 
which had impact strength of 31.8 J/m.  
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Fig. 6.5 The comparison of the impact strength of L-PLA/B-PLA blends. 
 
 
 
Rule of Mixtures 
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From Fig.6.5, the tendency of impact strength has shown similarly to the behaviour of the 
dynamic viscosity as the positive deviation from mixing rule prediction. Therefore, the 
optimum impact modification of the blends of L-PLA and B-PLA was achieved by 
blending between 30 and 50 wt% B-PLA. This could be explained as the occurrence of 
miscibility in the that region (30 – 50 wt% of B-PLA) and it was also proved by the 
incident of one Tm peak from DSC thermograms. 
 
The improvement in impact strength of the blends with composition may be explained 
further by examining the fracture morphology of those blends (Fig. 6.6) and the correlation 
of three phase model (Suzuki et al., 1986, Wang et al., 2006) ( will be discussed further in 
Chapter 9).  
 
The fracture surfaces of the neat L-PLA, B-PLA and the blends after the impact testing are 
shown in Fig. 6.6. The neat L-PLA shows typical brittle fracture and the fracture surface 
was very smooth [Fig. 6.6(a)]. Upon addition of the B-PLA to the L-PLA matrix, stress 
whitening could be clearly observed and the fracture surface also shows a marked 
difference from that of L-PLA. Some fibrils can be observed for the L-PLA/B-PLA (70/30) 
and SEM micrographs of the impact-fractured surfaces show more evidences of ductile 
fractures as more and longer fibrils with increasing B-PLA content. For the L-PLA/B-PLA 
(60/40) and L-PLA/B-PLA (50/50) blends, the impact caused not only the fibrils, but also 
some cavitations and a clear matrix deformation. In particular, extensive plastic 
deformation of the PLA matrix can be clearly observed, which implies that shear yielding 
of the PLA matrix has taken place. 
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Fig. 6.6 SEM micrographs (1200X) of L-PLA/B-PLA blends at various B-PLA contents                   
(a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 40 wt%, (f) 50 wt%, (g) 70 wt%, (h) 90 
wt%  and (i) 100 wt% . 
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In conclusion, the blending of linear and branched PLA (50 wt% : 50 wt%) (L,B-PLA) 
exhibited the higher viscosity and flexibility than the log additivity rule prediction. Since 
the increasing of entanglement among the linear and branched chains that lead to decrease 
in free volume of L-PLA and B-PLA blend and makes the polymer showed the synergistic 
properties greater than L- PLA and B-PLA.  
 
6.2 Properties of L,B-PLA/PEG Blends 
6.2.1 Thermal Characterization of Unprocessed L,B-PLA and the L,B-PLA/PEG 
Blends. 
The thermographs for the neat L,B-PLA, refer to L,B-PLA with 0 wt% PEG as shown in  
Fig. 6.7. Since the unprocessed L,B-PLA is the dry mixing of L-PLA and B-PLA blend so 
it was not proper to analyze. The thermogram is shifted up and down to display them on 
the same axes. From the thermographs, the Tg, Tcc and Tm of L,B-PLA at heating scan 10 
ºC/min occurs at 63 °C, 115 C and ca.170 C, respectively. At this phase, neat L,B-PLA 
has exhibited almost similar to the thermal behaviour (Tg and Tm) comparing with L-PLA 
with 0 wt% PEG and B-PLA with 0 wt% PEG, as well.  However, the Tcc of L,B-PLA also 
presented at same temperature as seen in B-PLA with 0 wt% PEG. While Tcc of 
unprocessed L-PLA was unable to observe. This could be explained that PLA molecules 
which were produced thoroughly by the twin screw extruder has attempted to crystallize at 
the production line. However, there were possibly the limitations in cooling rate in the 
production line and the molecular structures that leaded to uncompleted crystallization of 
unprocessed L,B-PLA as similarly discussed in B-PLA section. In addition, the neat L,B-
PLA thermogram also showed the slightly exothermic crystallization peak at ca. 99 ºC. The 
Xc values (9%) was shown in Table 6.2 suggested that the crystallinity of L,B-PLA was 
very low when compared with L-PLA but still higher than B-PLA materials due to the 
effect of branched structure. 
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Fig. 6.7 DSC thermograph of neat L,B-PLA 
 
In the thermographs for the plasticized L,B-PLA (Fig. 6.8), an unclearly small 
crystallization peak upon cooling appeared with a peak of Tc of 0 wt% PEG blend occured 
at 98°C. Abruptly, the broader Tc peak was observed at 90 °C. In contrast, the addition of 
more wt% of PEG up to 20 wt% showed increase in Tc of 92 °C up to 102 °C, respectively 
as seen in Fig. 6.8 (a) and Table 6.2. 
 
Table 6.2 Results from DSC for the L,B-PLA/PEG Blends 
PEG 
content 
(wt%) 
Cooling Subsequent heating 
Tc 
(C) 
H 
(J g
-1
) 
Tg 
(C) 
Tcc 
(C) 
H 
(J g
-1
) 
Tm 
(C) 
H 
(J g
-1
) 
Xc 
(%) 
         
0 98 1 63 114 17 170 27 11 
5 90 11 50 97 9 170 33 28 
10 92 21 36 91 - 170 25 30 
15 96 28 36 - - 168 33 41 
20 102 25 34 - - 166 29 40 
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Fig. 6.8 Thermograms of L,B-PLA/PEG blends obtained with a heating rate of 10C /min. 
 (a) cooling thermograms (b) subsequent heating thermograms 
 
(a) 
(b) 
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Again, the irregular characteristic of crystallization temperature of L,B-PLA was observed 
similar manner to the L-PLA and B-PLA. This was the hindering effect of PEG molecules 
during the crystallization process of PLA as explained in section 4.1.2. Nevertheless, the 
addition of more wt% of PEG was able to enhance the crystallization rate of L,B-PLA as 
well. For that reason, the addition of a plasticizer would increase the polymer chain 
mobility and would enhance the crystallization rate by reducing the energy required during 
crystallization for the chain folding process (Ljungberg and Wesslen, 2002). 
 
On subsequent heating (Fig. 6.8 (b)), thermograms showed the glass transition temperature 
(Tg) cold crystallization (Tcc) and melting temperature (Tm) of each PEG content. 
Incorporation of PEG into L,B-PLA even now enhanced the segmental movement of the 
PLA molecular chain, changing its thermal transition behaviour. Although, this matrix 
material is the blending of two  PLA in different chain architectures. The blends were 
observed by one Tg, representing to the miscible blending. As the content of plasticizers 
increased up to 20 wt%, the glass transition temperature dropped to approximately between 
50C to 34C. The decreases in Tg of plasticized L,B-PLA were demonstrated in the same 
way of plasticized L-PLA and plasticized B-PLA, indicating the enhancement of molecular 
chains mobility by the addition of PEG. Moreover, an enhanced crystallizable of L,B-PLA 
in the blends containing PEG was also obtained by decreasing in Tcc.  In contrast, for 
samples containing higher PEG content (10, 15 and 20 wt% PEG) cold crystallization was 
no longer visible.  
 
The subsequent melting temperature of plasticized L,B-PLA shifts slightly to lower 
temperature (3-4 ºC). This decreasing was already noticed by Younes and Cohn (1988). 
The significant explanation was a lower capacity of the short chains of PEG have to 
crystallize and their high mobility, which are powerful enough to plasticize L,B-PLA 
chains. However, there is no double peaks of melting peak at 0 wt% PEG as shown in Fig. 
6.8 (b). This occurrence was different from plasticized B-PLA system even there is the 
branched chains in this material. As discussed in section 6.1.1, the blend of branched PLA 
into linear PLA in an appropriate ratio was able to assist the crystallization process that 
resulted in the disappearance of double peaks. 
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Table 6.2 also shows the crystallinity of the blends which were determined from Eq.(3.1). 
The plasticized L,B-PLA showed crystallinity between 28 and 40% for all the four 
different PEG contents examined. These crystallinity value were lower than that of 
plasticized L-PLA but they were seen to be closed to plasticized B-PLA. This was because 
poor folding property of branched structure in the system that may hinder crystallization at 
the quiescent state. Such a steric hindrance effect made the polymer chain have difficulty 
in transporting the chain segments to crystallization (Kim et al., 2004). On the other hand, 
Fig. 6.8 (b) shows the small melting peak of PEG at high plasticizer content (15 and 20 
wt% PEG blends) that probably was the phase-separation of pure PEG in these blends. 
This could be concluded that the L,B-PLA was able to be plasticized with the same ranges 
of PEG when compared with plasticized L-PLA and plasticized B-PLA. 
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6.2.2 Mechanical and Morphological Characterization 
6.2.2.1 Tensile Properties 
The tensile properties of plasticized L,B- PLA in different PEG contents samples are 
shown in Figs. 6.9 – 6.13. The stress-strain curves of L,B-PLA/PEG blends were 
illustrated the typical response observed for this material during the tensile tests as shown 
in Fig.6.9. 
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Fig. 6.9 Stress-Strain curves of L,B-PLA/PEG blends 
 
The L,B-PLA with 0 wt% PEG (neat L,B-PLA) sample displays a curve as a brittle 
material with a slightly visible of yielding point. Although, the addition of PEG of 5 wt% 
was added, the tensile deformation was not enhanced as a ductile material but the blend 
showed an increase in the tensile strength. This was probably due to the development in 
crystallinity as shown in Table 6.2, that could enhance the tensile strength of this material. 
In contrast, the blends exhibited the ductility for sample with higher plasticizer content 
showing the stress yield points of addition 10 wt% PEG. However, more addition of 
plasticizer hardly affects the elongation at break of the L,B-PLA/PEG blends showing the 
maximum in % strain up to 17 %.  
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The tensile properties of plasticized L,B-PLA are shown in Figs. 6.9 – 6.13. When L,B-
PLA sample was stretched without PEG, the tensile strength, tensile modulus and % tensile 
strain at break were 52 MPa, 1.8 GPa and 5.8 % respectively.  For plasticized L,B-PLA at 
5 wt% PEG, the excessively increased in the tensile strength could be observed at 60 MPa. 
This phenomenon was observed on the plasticized L-PLA of 5 wt% PEG as well. This was 
due to the higher of crystallinity than that of the L,B-PLA with 0 wt% of PEG (whose 
tensile strength was only 52 MPa). Next, a gradual decrease was noticeable at higher 
concentrations (10, 15 and 20 wt %, respectively) of PEG (Fig. 6.10) these blends posses 
the higher crystallinity content. The decrease in tensile strength and increase in 
crystallinity in this investigation could be discussed through the PEG as it played an 
important role in chain mobility enhancement. This could be proved by the decrease of Tg 
as well. 
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Fig. 6.10 Effect of PEG content on tensile strength of L,B-PLA/PEG blends 
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Moreover, the tensile modulus of the blends at all PEG concentrations exhibited similar 
behaviour to tensile strength as shown in Fig. 6.11. The L,B-PLA with 0 wt% PEG 
exhibited the modulus value of 1.8 GPa and then at 5 wt% PEG, the modulus increased up 
to 2.1 GPa. This behaviour was taken place due to the equivalent condition in the 
increasing of tensile strength. Subsequently, the steady decreasing of tensile modulus from 
2.1 to 0.8 GPa was observed as the concentration of PEG increased from 5 to 20 wt% in 
the L,B-PLA/PEG blends.  As expected, the decrease in the tensile modulus of plasticized 
L,B-PLA nearly correlated quite well with the Tg dropping (Fig. 6.12) indicating more 
flexible of plasticized L,B-PLA samples. Because the decrease in the macromolecular 
chains cohesion well correlated on plasticizer content and lower the stiffness of the blends 
(Murariu et al., 2008).  
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Fig. 6.11 Effect of PEG content on tensile modulus of L,B-PLA/PEG blends 
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Fig. 6.12 Tensile modulus and glass transition temperature of L,B-PLA/PEG blends. 
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Fig. 6.13 Effect of PEG content on % strain at break of L,B-PLA/PEG blends 
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In blending with PEG, the improvement of % strain at break value of L,B-PLA was 
observable of the PEG content up to 10 wt% as shown in Fig. 6.13. The addition of PEG 
could increase the % strain at break up to 17.5 % and the rapid dropping of % strain at 9.8 
% and 5.6 % was observed at PEG content 15 wt% and 20 wt%, respectively. As 
previously discussed, the addition of plasticizer has enhanced the segmental mobility of 
PLA chains, increased the ability of PLA to the plastic deformation, decreased the yield 
stress and increased the % strain at break (Jacobsen and Fritz, 1999, Baiardo et al., 2003). 
However, the % strain at break did not followed the previous discussion. Since the material 
becomes brittle at higher contents due to a lack of cohesion between the separate phases of 
PLA and PEG as discussed in thermal properties section and according to (Pillin et al., 
2006). 
 
6.2.2.2 Impact and Morphological Characterization  
The improvement of impact resistance can be obtained in the blends as the modulus of the 
plasticized L,B-PLA decreases. Conversely, the remarkable decrease of the impact value 
was obtainable at PEG content 15 wt% and 20 wt%, as shown in  
Fig. 6.14. Clearly, it could be seen that the presence of PEG as a plasticizer in L,B-PLA 
marginally increases the toughness. For the L,B-PLA/PEG blend (0 wt% PEG), the 
average value was 27 J/m and then the impact strength increased gradually to 28 and 31 
J/m for L,B-PLA/PEG samples containing 5 and 10 wt% PEG, respectively. As discussed 
in plasticized L-PLA and plasticized B-PLA, the increase in impact strength of L,B-PLA 
was observed because the plasticizer interacted with the polymer chains distributing within 
the polymer, hence creating additional free volume. Furthermore, the addition of PEG 
more than 10 wt% has reduced the impact strength to be 27 J/m and additional decreasing 
was also noticed at PEG content 20 wt%. The decrease in impact strength would be 
observed at higher PEG content because of phase separation of PEG and PLA as 
discussion in tensile properties. This observation has also been reported by other 
researchers (Kulinski and Piorkowska, 2005, Pillin et al., 2006, Murariu et al., 2008). 
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Fig. 6.14 Impact strength of L,B-PLA/PEG blends. 
 
In comparison, the plasticized L,B-PLA showed values higher than both the plasticized L-
PLA and B-PLA at PEG content up to 10 wt% (Fig.6.15).  As discussed in the L-PLA/B-
PLA blends, the favourable blends have exhibited the impact strength value higher than the 
log additivity rule prediction because of the additional entanglement among the linear and 
branched chains that led to decrease in free volume of L-PLA and B-PLA blend. Thus, the 
L,B-PLA has shown the synergistic properties greater than L- PLA and B-PLA. 
Consequently, the plasticized L,B-PLA has supposedly exhibited the greater impact 
strength than plasticized L-PLA and plasticized B-PLA. However, the impact strength has 
remarkably decreased between the B-PLA and L-PLA systems at higher PEG contents (15 
wt % and 20 wt %). Therefore, it was made clear that when the PEG content was saturated 
in PLA/PEG blends in different chain architectures of PLA, the increase in impact strength 
was obtained. Thus the optimum content of PEG of the blends depended on the PLA‘s 
chain architecture. This issue will be discussed further in fractured surface analysis. 
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Fig. 6.15 Impact strength of L,B-PLA/PEG blends, comparing with L-PLA and B-PLA 
systems 
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The varying of impact resistance could be also proved by SEM micrographs of the impact-
fractured surfaces.  The SEM micrographs presented the fracture surface of L,B-PLA/PEG 
blend (0 wt% PEG) with evidently plastic deformation and distribution of a few voids 
which are the locations of the rubbery areas resembling shear–yielding as shown in Fig. 
6.16 (a) (X1000 magnification). The occurring of shear-yielding had occurred during the 
impact test, resulting in a ductile break. The fracture surface also exhibited the formation 
of some fibrils. Therefore, this could be confirmed the appearance of more plastic 
deformation in neat L,B-PLA greater than neat L-PLA and B-PLA. 
 
SEM micrographs of the impact-fractured surfaces show more evidences of ductile 
fractures as more rough and whiten areas can be observed from the surfaces with the 
increase in PEG content as shown in Figs. 6.16 (b), (c) and (d). This proved that the PEG 
was equally dispersed into L,B-PLA matrix, which made the sample remarkably more 
ductile. When PEG content was above 15 wt%, the white round shapes of PEG as a PEG 
crystal were observed in Fig. 6.16 (e). In addition, the sample containing 20 wt% PEG 
content also showed a smooth fractured surface indicating brittle fractured areas with 
considerable voids of submicron size are clearly observed, which was probably caused by 
the accumulation of PEG during phase separation. This phenomenon was also proven by 
DSC measurement as the presence of small crystallization peak of PEG at plasticized L,B-
PLA with 15 wt% and 20 wt% PEG. 
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Fig. 6.16 SEM micrographs (1000X) of the fractured surfaces of the L,B-PLA/PEG blends 
with  (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20 wt% PEG 
(a) (b) 
(c) (d) 
(e) 
175 
 
 
 
 
Fig. 6.17 SEM micrographs (1000X) of the fractured surfaces of the L,B-PLA/PEG blends comparing with L-PLA/PEG and B-PLA/PEG blends. 
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The comparison of SEM micrographs of L,B-PLA/PEG, B-PLA/PEG and L-PLA/PEG is 
shown in Fig. 6.17. The white line refers to the impact strength behaviour of each system. 
It could be observed that the roughly fractured surface including shear yielding and stress 
whitening areas was observable at the high impact values of each graph. This is indicating 
that the addition of PEG into PLA in different chain architectures has improved the plastic 
deformation behaviour of PLA, converting brittle materials to ductile materials. 
Nevertheless, the fractured surface at highest impact strength value of each system was 
also different. This was probably due to the result of varying in the component of PLA. 
The highest impact strengths of each system were 27 J/m of L-PLA/PEG with 5 wt%, 34 
J/m of B-PLA/PEG 15 wt% and 30 J/m of L,B-PLA/PEG 10 wt%. As shown in Fig. 6.17, 
the fracture surface of B-PLA/PEG 15 wt% presented a major amount of plastic 
deformation and distribution of the voids which are the locations of the rubbery areas 
resembling shear–yielding and more ductile fibrils than L-PLA/PEG and L,B-PLA/PEG 
system. To sum up, the favourable of impact strength of each system has been correlated 
well with the fracture surface morphology. 
 
6.2.2.3 The Correlation of Impact Strength and Crystallinity. 
As discussed in plasticized L-PLA and plasticized B-PLA, the level of crystallinity of the 
PLA has played a critical role in the impact properties, with low levels of PLA‘s 
crystallinity being desirable for high impact strengths. Similarly, based on the DSC data 
for L,B-PLA/PEG blends the increase of crystallinity of plasticized L,B-PLA with addition 
of PEG has enhanced gradually the impact resistance, as seen in Fig. 6.18. The impact 
strength increased from 27 J/m up to 31 J/m  at crystallinity of 11 % and 30 %, 
respectively. On the other hand, the impact strength slightly dropped when the level of 
crystallinity of the blends reached up to approximately 40 % (at 15 wt% PEG) and then 
further decreasing could be observed at higher crystallinity as a result of higher PEG 
content. This was due to at the content of the PEG less than 10 wt %, the plasticizer drove 
the degree of orientation of the polymer, improved the crystallization rate and enhanced the 
chain mobility. This would produce a more tied-molecule structure among the intra- and 
interspherulite to improve the molecular entanglement between the crystal grains. 
Therefore, the boundary strength between spherulite increased, thus it will be beneficial to 
the improvement of the impact strength of the materials (Xu et al., 2001).  
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Fig. 6.18 Correlation of % crystallinity and impact strength of L,B-PLA/PEG blends 
 
In contrast, at higher PEG content (15 and 20 wt%) resulted in more % crystallinity. The 
flexibility of the molecular chain will decrease because of the decline in the active region 
for absorption the external energy (Xu et al., 2001). Moreover, there was phase separation 
behaviour of those blends as observed from thermal characterization and fractured surface 
micrographs as well. To sum up, the maximum impact strength of L,B-PLA/PEG blends 
was also found at the critical level of crystallinity at 40 %. Therefore, the phenomenon is 
unfavourable to impact strength as seen the same behaviour in L-PLA/PEG and B,-
PLA/PEG blends (Sungsanit et al., 2010). 
 
 
 
 
 
 
 
 
 
 178 
6.2.3 Rheological Characterization 
 
As already seen in the L-PLA/PEG and B-PLA/PEG blends, plasticizer contents have a 
dominant influence on the viscoelastic behaviour in terms of decreased viscosity and 
dynamic moduli. Moreover the molecular weight can be varied as the effect of plasticizer 
that led to difference in flow properties as well. In this section, the rheological properties in 
terms of dynamic shear rheology and steady shear rheology of L,B-PLA/PEG blends were 
investigated to compare the behaviour with L-PLA/PEG and B-PLA/PEG as well.  
6.2.3.1 Dynamic Shear Rheology 
Initially, LVER observation of L,B-PLA was also examined as shown in Fig. 6.19. It 
displays the LVER of unprocessed L,B-PLA at constant frequency of 10 rad/s, 180 C. The 
unprocessed L,B-PLA sample exhibited a constant G, indicating to the linear viscoelastic 
region of this material was in the 0.1-15 % range of applied strain. The end of the linear 
viscoelastic region is indicated by a decrease of G value. So, all further experiments of 
L,B-PLA/PEG blends could be carried out using a strain value at less than 10 % similarly 
to L-PLA/PEG blend systems. Hence, all these tests were performed at a constant of % 
strain (% ) at 10 % and varying of frequency (). 
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Fig. 6.19 Dependence of the storage modulus (G) and complex viscosity (*) on applied 
strain for unprocessed B-PLA at 180 °C. The frequency is 10 rad/s. 
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In order to establish the validity of the Cox-Merz Rule, steady state data is obtained over a 
range of shear rates for the L,B-PLA at 180°C to compare to the frequency sweep data. 
The comparison of the steady state and dynamic viscosities is shown in Fig. 6.20. 
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Fig. 6.20 L,B-PLA frequency sweep and steady state results at 180°C to show validity of 
Cox-Merz rule. 
 
At the lower rates, there is a good agreement between the viscosities. However, at the 
higher rates tested the steady shear viscosity was a lot lower than the dynamic viscosity 
since Cox-Merz rule is only valid at low  and  . This was similarly to the behaviour of 
L-PLA and B-PLA. The shear thinning was observed at shear rates greater than 1.0 s
-1 
, 
similar to dynamic shear viscosity plot at more than 1 rad/s. However, the steady shear plot 
exhibited the more shear thinning than dynamic shear plot. The variation between these 
two techniques has been observed before for other bio-based polymers, and is at least 
partially linked to degradation of the material (Daly et al., 2005).  
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In Fig. 6.21, the viscoelastic properties of the unprocessed L,B-PLA at 180°C are shown. 
All important data are shown in this graph including dynamic viscosity (), storage 
modulus (G), and loss modulus (G). The unprocessed L,B-PLA data were obtained from 
dynamic frequency sweep measurement carried out directly on the pellets which were 
produced from reactive extrusion. The viscosity is nearly independent of the frequency at a 
value around 3,000 Pa-s, indicating to zero shear viscosity (0). In contrast, this plot was 
presented lower than the 0 of B-PLA but higher than L-PLA. In addition,  the broad 
curvature of the G' and G curves in the low frequency terminal regime are only truly 
observable when the measurements reach the low frequency terminal regime, which is 
confirmed by slopes of 1.2 for G' and 0.8 for G. At high frequency regime (10-100 rad/s), 
the slope of the shear thinning region can be observed and quantified as the degree of shear 
thinning for different polymers. This value can be determined from the modified Cross fit 
model (Eq.3.5).  In Fig. 6.21, the value of slope of the unprocessed B-PLA at 180 °C is 
0.41 over a frequency range of 10-100 rad/s and the appearance of shear thinning 
behaviour seemed to be more noticeable if the experiments could be examined at higher 
frequency. In this investigation, ARES rheometer has a limitation of maximum frequency 
at 100 rad/s. 
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Fig. 6.21 The frequency sweep of unprocessed L,B-PLA at 180 ºC 
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Moreover, unprocessed L,B-PLA also exhibited as the viscous characteristics which are 
dominant at frequencies ranging from 0.1-100 rad/s (i.e. G > G) and the elastic 
characteristics are seemed to be dominant at high frequencies ( more than 100 rad/s) (i.e. 
G > G). This was also similarly to L-PLA/PEG and B-PLA/PEG systems. In this 
material, the crossover frequency would be observed at high frequency of 100 rad/s 
(Fig.6.22) as same as noticeable in unprocessed B-PLA while the crossover frequency of 
unprocessed L-PLA was invisible. This could be explained that higher in melt elasticity 
(G) of unprocessed L,B-PLA than unprocessed L-PLA would be constrained by the 
entanglement of branched structures (Ferry, 1980) as presented in the L,B-PLA. In 
addition, the decreasing in reciprocal of crossover frequency, comparing to unprocessed L-
PLA, is also indicated to the increase of relaxation time. This relationship was explained 
that a long relaxation time after a deformation or stress applied of materials is observable 
in the branched chain architecture (Morrison, 2001). 
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Fig. 6.22 Storage modulus (G) and loss modulus (G) as a function of frequency () for 
unprocessed L-PLA, B-PLA and L,B-PLA at 180 ºC 
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In this investigation, TTS curves of unprocessed L,B-PLA was also constructed and the 
viscosity curves was fitted with modified Cross model (Eq.3.5) to calculate the zero shear 
viscosity (0). Fig. 6.23 shows master curves created by time temperature superposition 
performed on the unprocessed L,B-PLA samples. The master curve is referenced to 180°C 
and is constructed from isothermal curves obtained at three different temperatures (175°C, 
180°C and 190°C).  
 
Unprocessed L,B-PLA exhibited a Newtonian plateau at low frequency at a value around 
3,000 Pa.s. and seemed to be shear-thinning at high frequency. Compared to the original 
plots in Fig. 6.21, the frequency range has been expanded in lower and higher frequency, 
which provides a better picture of the zero-shear viscosity, shear thinning behavior and 
crossover frequency. From this master curve, the zero shear viscosity obtained from the 
modified cross fit model was 3,290 Pa.s. In addition, the crossover frequency which is 
referred to the relaxation time could be observed obviously at frequency roughly 150 rad/s 
while crossover frequency of TTS curves of unprocessed L-PLA and unprocessed B-PLA 
were observable at 200 rad/s and 105 rad/s, respectively. 
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Fig. 6.23 Master curves of unprocessed L,B-PLA samples created by time temperature 
superposition performed at temperature ranges 175, 180 and 190 ºC, Tref = 180 ºC 
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In order to compare the rheological properties with plasticized L-PLA and plasticized B-
PLA, L,B-PLA has also been blended with PEG at the same concentration.  Fig. 6.24 
presents the master curve of complex viscosity of L,B-PLA/PEG blends at various PEG 
concentrations. The plasticized L,B-PLA with 0 wt% PEG (processed L,B-PLA without 
PEG) exhibited a clear Newtonian Plateau at low oscillation frequency similarly to 
unprocessed L,B-PLA but with a much lower zero-shear rate viscosity value (around 1,800 
Pa.s). Its viscosity curve seemed to be shear thinning behaviour at higher oscillation 
frequency than shear thinning region of unprocessed L,B-PLA. It was also noticed that the 
plasticized L,B-PLA with 0 wt% PEG by twin screw extruder exhibited the extremely 
lower complex viscosity than unprocessed B-PLA. This could be explained that the 
disentanglement of molecules due to the mechanical deformation from extrusion lead to a 
decrease of the complex viscosity of the processed L,B-PLA compared to the unprocessed 
L,B-PLA. This behaviour was also discussed in extruded LCB-PP (Stange et al., 2005). In 
addition, this behaviour was possibly due to the presence of low molecular weight 
molecules which was produced from extrusion and acting as a lubricant in polymer chains.  
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Fig. 6.24 The master curve of complex viscosity of L,B-PLA/PEG blends at various PEG 
concentrations, Tref = 180 ºC 
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When addition more PEG concentration, the blends exhibited a more pronounced 
Newtonian response compared with unprocessed L,B-PLA. Moreover, the zero-shear 
viscosity values seem to be decreasing as the PEG concentration increased. This was the 
effect of more disentanglement of PLA chains due to increased segmental mobility of PLA 
chains with increasing of PEG content. 
 
In addition, it could also be noticed from Fig.6.24 that the degradation in L,B-PLA during 
processing in the presence of plasticizers with ester groups could be observed. This was 
also proved by the decreases in molecular weight characteristics of L,B-PLA as shown in  
Table 6.3. 
 
Table 6.3 Molecular Weight of the L,B-PLA blends at different PEG concentration 
 
Materials Mw Mn MWD 
Unprocessed L,B-PLA* -
 
- - 
0 wt% PEG 1.5 x 10
5
 7.5 x 10
4
 2.03 
5 wt% PEG 1.1 x 10
5
 6.3 x 10
4
 1.83 
10 wt% PEG 6.0 x 10
4
 3.1 x 10
4
 1.85 
15 wt% PEG 5.3 x 10
4
 3.0 x 10
4
 1.75 
20 wt% PEG 4.6 x 10
4
 2.6 x 10
4
 1.76 
*This material refers to dry-mixing of L-PLA/B-PLA so there is no data of molecular weight characteristics.  
 
Moreover, all parameters from TTS curves in Fig. 6.24 were obtained by fitting the 
modified Cross model (Equation 3.5) as shown in Table 6.4.  
])[1[ m0
0




    (Eq.3.5)
            
 
The correlation coefficient (r
2
) in each curve varied ranging from 92.5 – 99.5 %. In 
addition, the incorporation of PEG led to the decreasing value of m and decreasing in 0. 
This referred that adding more PEG content into L,B-PLA could lead to decreasing in 
relaxation time and shear thinning tendency. These characteristics were also identified in 
the same way in L-PLA/PEG and B-PLA/PEG systems.  
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Table 6.4 Rheological characterization of L,B-PLA and plasticized L,B-PLA melts. 
 
Sample 0 wt% PEG 5 wt% PEG 10 wt%PEG 15wt% PEG 20wt% 
PEG 
0 2,214 1,176 607 259 248 
0 0.013 0.006 0.002 0.002 0.001 
m 0.41 0.48 0.26 0.15 0.10 
r
2
(%) 98.3 99.5 93.2 97.1 92.5 
 
As shown in Table 6.5, 0 decreased significantly with increasing PEG content. According 
to theory (Utracki, 1990), this reduction in viscosity can be interpreted as an enhanced 
mobility of polymer chain in the system.  
 
Figs. 6.25and 6.26 are showing the corresponding storage modulus (G) and loss modulus 
(G) for these blends in respectively. Unprocessed L,B-PLA and plasticized L,B-PLA (0-
20 wt% of PEG) exhibited the rheological behaviour of a typical polymer melt as 
characterized by a storage modulus (G, Fig. 6.25) smaller than the loss modulus (G, Fig. 
6.26). However, lower frequency dependency was marginally observed at high PEG 
content. The change of the shape of the discrete phase in the polymer matrix during the 
oscillatory shear deformation, namely shape relaxation (Ferry, 1980, Bousmina et al., 
1995)  could be explained as discussed in L-PLA/PEG blends and B-PLA/PEG blends. 
 
At frequency less than 1 rad/s, the frequency dependent transition of the blends at high 
PEG content (15 wt% and 20 wt%) could be observed as changing in the slope. The 
frequency dependent transition of L,B-PLA/PEG blends at PEG concentration higher than 
10 wt% was observed at frequency range 0.1– 1.0 rad/s. It could be concluded that at 
higher PEG concentration the Gcurves exhibited a plateau distinctly at the low frequencies 
as the blends seemed to be a solid like behaviour. 
 
 186 
0.1
1
10
100
1000
10000
100000
0.01 0.1 1 10 100 1000
G
(
P
a
)
aT  (rad/s)
Unprocessed L,B-PLA
0 wt% PEG
5 wt% PEG
10 wt% PEG
15 wt% PEG
20 wt% PEG
1.31
1.71
0.90
 
Fig. 6.25 Master curves of storage modulus (G) on frequency at various PEG content in  
L,B-PLA/PEG blends, Tref = 180 C. 
10
100
1000
10000
100000
0.01 0.1 1 10 100 1000
G

(P
a
)
aT  (rad/s)
Unprocessed L,B-PLA
0 wt% PEG
5 wt% PEG
10 wt% PEG
15 wt% PEG
20 wt% PEG
0.91
 
Fig. 6.26 Master curves of loss modulus (G) on frequency at various PEG content in L,B-
PLA/PEG blends, Tref  = 180 C. 
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However it illustrated the discrete phase as well in the matrix if the saturation point of PEG 
was reached according to thermal and mechanical properties.  As seen in Fig. 6.25, the 
slope of log G vs. log  for the un-processed L,B-PLA was close to 1.3 and 1.7 for L,B-
PLA/PEG melts similar to the thermo-rheologically simple polymer in the terminal regime.  
In contrast, the slopes of the storage moduli, in the terminal region of low frequencies (0.1-
1.0 rad/s), for L,B-PLA/PEG blends were closely to 0.9 especially for the blends 
containing 15 and 20 wt% of PEG. Recently, two group of researchers (Zheng et al., 2001, 
Du et al., 2004) reported that the experimental values of the slope for G obtained from 
other phase separated or degraded polymer blends varied between 0.5 and 1.  Therefore, 
the small values of these exponents suggested that the high concentration of PEG may have 
contributed to the phase separation in these blends as verified in the thermal and 
mechanical characterization. In addition,  the use of a plasticizer reduces the intermolecular 
force and increases the mobility of the polymeric chains, thereby improving the flexibility 
and the extensibility of the plasticized polymer (Marcilla and Beltrán, 2004).  
 
The dependence of the dynamic loss moduli of L,B-PLA/PEG blends on frequency (Fig. 
6.26) indicated that the blends with higher PEG content had lower G values than that of 
unprocessed L,B-PLA over the frequency range covered. This was due to the addition of 
PEG to the L,B-PLA produced a material with the lowest energy dissipation. The slope of 
G of L,B-PLA/PEG blends was 0.91 while the L-PLA/PEG blends and B-PLA/PEG 
blends had the slope of G at 0.95 and 0.86, respectively. From the view of miscibility of 
blends, the interaction between blends decreased to a certain extent at higher PEG content.  
 
In this experiment, the estimation of plateau modulus ( 0nG ) in TTS master curve could 
obtain the Me of 0.49 x 10
5
 for unprocessed L,B-PLA and for other PEG contents of B-
PLA/PEG blends were also calculated as shown in Appendix A. The values of Me 
indicated that the occurrence of chain entanglements in L,B-PLA/PEG blends were greater 
than that of B-PLA/PEG blends. However, there is no chain entanglement when the 
materials consist of the PEG content. 
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6.2.3.2 Steady Shear Rheology 
The steady shear viscosity ( of L,B-PLA/PEG blends at various PEG content at 180 C 
are shown in Fig. 6.27. As expected both unprocessed L,B-PLA and L,B-PLA/PEG blends 
melts behaved as typical non-Newtonian fluids. The experimental data indicated that 
addition PEG affected the shear viscosity of L,B-PLA melt greatly. The viscosity 
decreased drastically as the PEG content increased. Moreover, there was a minor 
difference ofviscosity between unprocessed L,B-PLA and processed L,B-PLA with 0 
wt% PEG even though both materials contain the same composition without PEG. This 
was mainly due to the fact that the molecular chains were broken down by the strong 
shearing action during extrusion. Another possible cause may have been due to the 
hydrolysis of PLA molecular chains even the materials have been dried by the vacuum 
oven prior an extrusion (Writzk, 1997).  
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Fig. 6.27 Dependence of shear viscosity on shear rate at various PEG content of L,B-
PLA/PEG blends at 180 C. 
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The decreasing of with increasing PEG could be explained as the previous discussions in 
dynamic shear viscosity () section. This was the effect of more disentanglement of PLA 
chains due to increased segmental mobility of PLA chains with increasing of PEG content.  
 
On the other hand, the shear-thinning tendency of L,B-PLA/PEG melts becomes weaker 
indicating a Newtonian fluid  behaviour with the increasing of PEG content. However, the 
critical shear rate between the Newtonian plateau region and the shear-thinning region 
were only observed in the unprocessed L,B-PLA and L,B-PLA with 0 wt% PEG. The 
shear-thinning occurrence of those two materials appeared at shear rate of 5 s
-1
. In addition, 
the weaker in shear-thinning tendency could be explained with the effect of PEG content. 
The presence of plasticizers with ester groups as PEG could also be due to potential 
transesterification reactions leading to a decrease of PLA molecular weights (Table 6.4) 
(Murariu et al., 2008) which resulted in a decrease in PLA viscosity. Moreover the blends 
also exhibited as a Newtonian fluid behaviour. 
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Chapter 7 : Extensional Viscosity and Melt Strength Measurement 
7.1 Introduction of Extensional Viscosity Measurement. 
There are many processing operations, which are dominated by extensional flow such as 
fiber spinning, film blowing, blow moulding and thermoforming. Particularly in the 
nonlinear region of deformation since rheological properties in elongation cannot be 
derived from those in shear. This means, in many cases the results from the well 
established rheological methods do not allow an assessment of the behaviour of polymer 
melts under processing conditions governed by extensional flow. Therefore, the 
extensional rheology of the materials is important to measure in addition to the shear 
rheology (Dealy and Larson, 2006).  
 
Extensional material functions are needed to model the flow and since extensional flows 
are strong particles or the dispersed phase in blends, the final product properties are 
strongly affected. Moreover, extensional measurement relates to the sensitivity of these 
flows to molecular structure, such as branching (Franck, 2007). In particular, long-chain 
branching is known to have an important effect on the response of a melt to a stretching 
flow that is not revealed in shear flows. 
 
The preferred test modes of extensional rheology are those that generate a homogeneous 
strain including uniaxial (tensile), equibiaxial (usually called simply biaxial), and planar 
extension. These are illustrated in Fig.7.1. Uniaxial extension is the easiest to generate, and 
the response to the plastic deformation has been found to be quite sensitive to certain 
aspects of the molecular structure. 
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Fig. 7.1 The three simples types of extensional deformation : uniaxial, equibiaxial, and 
planar.  
(Dealy and Larson, 2006) 
 
7.1.1 The Extension Rate (Hencky Strain)  
The extension strain used in the extensional rheology is defined as the increase in length 
ΔL divided by the initial length L0 called as Hencky strain (H). The experiment usually 
carried out to study uniaxial extension is start-up of steady simple extension at a constant 
Hencky strain rate ( ) (Franck, 2007). Both Hencky strain and the Hencky strain rate can 
be defined as shown by Equation (7.1). 
 
H   =   t   =    ln L(t) /L0      (7.1) 
   
Where L is the increased length, L0 is initial length and t is the time.  
 
 
 
 
 
Uniaxial 
Equibiaxial 
Planar 
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7.1.2 Extensional Viscosity (EVF Mode) 
The extensional viscosity is defined as the stress divided by the extensional rate 
Equation (7.2). The stress is the force divided by the surface area normal to the direction of 
deformation (Equation(7.3)). For an incompressible material, the volume is conserved and 
the surface area must decrease exponentially as A(t) = A0exp (dH/dt)t with the sample 
length increasing (Fig.7.2) while the experiment proceeds. 
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Where w0 and h0 are the width and the thickness of rectangular sample 
 
Fig. 7.2 Extensional stress and viscosity in an uniaxial extensional experiment (EVF 
Mode).   
(Franck, 2007) 
 
 
In fact, about 100 years ago, Trouton measured the resistance to stretching and shearing of 
stiff fluid and found that the ratio of extensional to shear viscosity is equal to 3 (ie. e 
( )/30. This relation, known as the Trouton ratio, is valid for all Newtonian fluids and 
has a rigorous theoretical basis besides Trouton's experiments (Cogswell, 1996). It is 
almost universal practice when reporting the results of an extensional flow experiment to 
compare the nonlinear material function E (t, ). If both data sets are accurate, the 
nonlinear response should agree with the linear one at short times and low strain rates.  
L (t) 
h(t) 
W (t) 
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Furthermore, the nonlinear response depart use from the linear one is normally used to 
classify the extensional flow behaviour. If the nonlinear data rises above the linear curve at 
some point, the melt is said to be Strain hardening, and if they fall below, it is said to be  
strain softening as shown in Fig.7.3 (Münstedt and Laun, 1979). For LDPE, the strain 
hardening behaviour could be observed because of the containing of branching structures. 
However, linear polymers containing no very high-molecular-weight components usually 
exhibit strain softening.  
 
 
 
Fig. 7.3 The extensional viscosity at strain rate from 0.001 to 30 s
-1
 for LDPE at 150 ºC. 
(Münstedt and Laun, 1979) 
 
As theory, the strain hardening is a rapid extensional viscosity increase in time that occurs 
when the polymer melt is highly oriented, i.e., during the blown up stage in the particular 
case of film blowing. The strain-hardening is observed when the macromolecular chain 
disentanglement rate is too low in relation with the deformation rate. In linear polymers, 
the incorporation of long chain branches or the addition of a low fraction of high molecular 
weight polymer has been used to create strain-hardening and to enhance the blown film 
process (Stange et al., 2005, Munstedt et al., 2006) 
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7.2 EVF Experiment 
The extensional rheology method employed in this study involved uniaxially stretching the 
sample using the TA Instruments Extensional Viscosity Fixture (EVF) attached to the 
ARES rotational rheometer. Error! Reference source not found. shows a schematic of the 
EVF and how it operates. The sample is outlined in dot line to illustrate how it is mounted. 
The sample is a small rectangular plaque that is clamped at each end to a rotating drum. 
One of the drums rotates around the other, so the sample also rotates and does not stay in 
view during stretching. The force in the sample is calculated from the torque output of the 
rheometer. The entire device is designed to fit within the thermostatted chamber of a 
standard rotational rheometer (Dealy and Larson, 2006, Franck, 2007). Tensile stress (E), 
strain rates ( ) and extensional viscosity e) calculations were
 
done based on Equation 
(7.2) and Equation (7.3). The sample has the following dimensions ;width of 10 mm, 
length of 19 mm, and thickness of 0.9 mm. The samples were compression molded using 
compressions moulder. The extension rates used for the experiments were 0.05 to 1.0 s
-1
. 
Since the maximum Hencky strain is approximately 3.5, the time required to run these tests 
ranges from 30 seconds to about 1 second. The experiments were performed at 
temperatures 175°C with caring the sample sagging. At least three trials were carried out at 
each extension rate for each sample to check for reproducibility of the results.  
 
 
Fig. 7.4 Schematic for the extensional viscosity fixture (EVF) 
(Conrad, 2009) 
Sample 
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7.3 Introduction of Melt Strength Measurement 
It is well known that the extensional flow behaviour which dominates many processing 
techniques cannot be determined from shear experiments. However, extensional melt flow 
properties can be assessed with the Rheotens-test, a non isothermal fibre-spinning 
experiment. As a results from this test, melt strength (Fmax) and the melt extensibility 
(Vmax) are obtained (Manfred and Manfred, 2007, GOETTFERT, 2010).  The melt strength 
test often carried out using the Gottfert Rheotens is the commercial version of an 
instrument developed by Meissner (Dealy and Larson, 2006). The Rheotens test has found 
widespread application both in industry for characterization purposes and in scientific 
research for polymer properties investigations or process modelling. The melt strength of a 
polymer is a measure of its resistance to extensional deformation. The melt strength 
parameter does not give a well-defined rheological property because neither the strain nor 
the temperature is uniform in the polymer melt being stretched. However, the test is useful 
in obtaining meaningful comparisons of the drawing behaviour of different polymers 
(Dealy and Wissbrun, 1990). In the Rheotens test, an extruded filament is subjected to 
extensional deformation under the action of a tensile force and the drawdown force needed 
for its extension of an extruded melt strand is measured as a function of drawdown 
velocity. The melt strength is considered as the drawdown force required to break the melt 
strand (Muke et al., 2001, Su and Huang, 2010). On the other hand, the Rheotens test does 
not provide an extensional viscosity directly, as in the case of an uniaxial extensional 
rheometer (EVF mode).  
 
Bernat and Wagner (1998) offered in their study a mathematical way to obtain Rheotens 
curves without oscillations. They showed that experiments at the different of temperatures, 
die geometries and die exit velocities can be shifted to a master curve. After developing a 
way to calculate these mastercurves it is possible to calculate force curves at different 
experimental conditions neglecting the occurring instabilities of measured Rheotens curves 
as shown in Fig. 7.5. Moreover, they (Wagner and Bernat, 1998) also proposed a model, 
where the extensional viscosity is a function of the draw ratio or extensional rate. The 
extensional viscosity, as a function of the extensional rate, is composed of the "visco-
elastic-start-up" with increasing extensional viscosity and the purely viscous extensional 
with decreasing viscosity. The curves which are produced from software routine of the 
RHEOTENS 71.97 (GOETTFERT, 2010) and is based on the work done by Wagner et al., 
(Wagner et al., 1996, Wagner and Bernat, 1998) have been shown in Fig.7.6. 
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Fig. 7.5 Comparison of calculated and measured curves. 
(Wagner and Bernat, 1998) 
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Fig. 7.6 The calculated Extensional viscosity of B-PLA from Rheotens software. 
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Göttfert Rheotens melt strength tester (Buchen, Germany) is commonly used for 
extensional flow measurement (Muke et al., 2001, Wang et al., 2001, Su and Huang, 
2010), the details of equipment are shown in Fig. 7.7. The force and velocity when the 
melt strand is broken were designated as ‗‗melt strength (cN) and drawability (mm/min), 
respectively. The details are shown in Fig. 7.8. 
 
 
 
 
 
 
Fig. 7.7 Göttfert Rheotens melt strength tester and Capillary Rheometer.  
(GOETTFERT, 2010) 
 
V 
V0 
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Fig. 7.8 Schematic sketch of a typical result of a Rheotens test.  
(Zavinska, 2008) 
 
Finally, the melt strength data needs to be converted into extensional viscosity data to 
determine the stress generated in other processes. The extensional rate ( ) for the melt 
strength test is determined using Equation (7.4). The tensile stress () is calculated at the 
wheels using Equation (7.5). These equations assume as a constant output rate. The 
extensional viscosity model should be non-isothermal, density should be determined as a 
function of temperature and a model should be developed base on realistic velocity 
profiles. The extensional viscosity (e) will be calculated using Equation (7.6). 
 
                   
 
 
Where v  is the speed which the strand is being pulled off. 
          L
S 
is distance from the end of the capillary to the edge of the melt tension device        
               turning wheel. 
         v
0  
is the speed of the strand through the nip of the wheels at the start of the test.  
 
 
 
)ln(.
0v
v
L
v
s

(7.4) 
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Where F is the force applied to the strand. 
          A
0 
is the diameter of the strand when it exits the die. 
           v
0 
is the extrusion speed of the strand.  
 
            
 
 
7.4 Rheoten Experiment 
The melt strength was measured using a four-wheeled Gottfert Rheotens 71.97 tester in 
combination with a High Pressure Capillary Rheometer as seen in Fig.7.9. The Rheotens 
71.97 was located close to the exit of the capillary. The additional pair of pull-off wheels 
was integrated to prevent sticking of the elongated polymer strand, once it had passed the 
first pair of pulleys during the test. Table 7.1 lists the test conditions for the extensional 
experiments used to measure the melt strength and velocity at break. The polymer samples 
(pellets) were melted in the heated test cylinder and pressed with a test piston at constant 
speed out through a capillary. The melt strand was continuously drawn down at a linear 
exponentially accelerating velocity between the two counter-rotating wheels of the device, 
which were mounted on a balanced beam. The drawdown was continuously measured as a 
function of the angular speed of the wheels as the melt strand was pulling. The force and 
velocity resulting from the melt strand breakage were deemed as ‗‗melt strength (Ms)‘‘ and 
‗‗velocity at break (Br.Vel)‘‘ for the tested condition. 
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Table 7.1 Set up of the extensional experiments 
 
Capillary Rheometer 
Diameter of Piston, Dp 20 mm 
Piston velocity, v
p
 0.33 mm/s 
Diameter of die, Dd 2 mm 
Length of die, Ld 30 mm 
Rheotens 
Length from die exit to pull wheels, Ls 120 mm 
Speed of the strand, v0 40 mm/s 
Speed of the wheels, v
S
 50 mm/s 
Acceleration,  m/s2 
 
 
 
 
 
Fig. 7.9 A four-wheeled Gottfert Rheotens 71.97 tester in combination with a High 
Pressure Capillary Rheometer used in this investigation 
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7.5 Influence of Long-Chain Branching on Extensional Viscosity and Melt Strength. 
7.5.1 Influence of Long-Chain Branching on Extensional Viscosity. 
Linear polymers that are known to be strain-softening can be made strongly strain-
hardening by the introduction of long-chain branches. The structure and rheology of low-
density polyethylene (LDPE) is the practical interest. It has been known for many years 
that the extensional behaviour of highly branched LDPE is quite different from that of 
linear HDPE, and this suggests the possibility of a correlation between the level of long 
chain branching and the extensional flow properties (Munstedt et al., 2005). Moreover, 
Read and McLeish (2001) detailed how the rheological properties vary with branching 
level. They found that stars-shape structure does not exhibit strain hardening. While the H-
shaped molecules do exhibit strain hardening, and ―pom-pom‖ molecules with multiple 
arms at their two branch points exhibit as much strain hardening as LDPE. Recently, 
Malmberg et al., (2002) studied the effect of long-chain branching on rheological 
properties of metallocene-catalyzed polyethylenes. They noticed that the distribution of 
long chain branches have more influence on the extensional flow than the number of 
branches.    
 
At first glance, PLA has low melt viscosity and does not exhibit any strain hardening. 
Therefore, it is not suitable for the blown film extrusion. Definitely, the PLA requires 
substantially larger molecular weight to display similar melt viscoelastic behaviour as 
LDPE. When the chain architecture of PLA is changed from linear to star or branched, 
then zero-shear viscosity and elasticity increase, the shear-thinning behaviour is 
accentuated and relaxation time is increased which should be favourable to produce the 
film (Dorgan et al., 2000, Kim et al., 2004). The literature is also very limited with respect 
to extensional viscosity of PLA. Yamane et al.,  (2004) observed the effect addition 
poly(D-lactic acid) (PDLA) into poly(L-lactic acid) (PLLA) on extensional flow 
behaviour. It was shown that the addition of small amounts of PDLA could lead to strain-
hardening in PLLA melts. In this case, the stereocomplex formation acted as crosslink 
points and resulted in physical branching of the PLA chains.  
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Fig. 7.10 Elongational viscosity for original PLA and modified sample at 160 ºC.  
(Liu et al., 2010) 
 
 
It has been reported that to get long chain branching PLA (LCB-PLA) in melt by a two 
step functional group reaction with Pyromellitic dianhydride (PMDA) and then Triglycidyl 
isocyanurate (TGIC) through reactive processing could be modified the strain hardening 
behaviour of PLA (Liu et al., 2010). They found that the strain hardening was not observed 
in sample without LCB or even in the PLA with star shape branched structure. On the 
other hand, the LCB-PLA contributed to a very long relaxation process generated by many 
branching points on backbones and increase largely the elasticity and melt strength. For 
extensional flow behaviour, the earlier strain hardening occurs at the higher strain rate is 
applied as shown in Fig.7.10. 
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Moreover, The effects of chain branching of PLA on foaming ability have been 
investigated by extensional flow experiment (Zhu et al., 2009). Their experiments showed 
that all branched PLA exhibited the strain hardening, while it was not observed in linear 
PLA. This was due to linear chains being free from any branch points and was not 
prevented from slipping over each other. Additionally, the presence of LCB in PLA has 
shown the relationship between the extension rate and the extent of strain hardening, 
namely that strain hardening occured faster at higher extension rates. Moreover, the 
extensional rheological experimental results of branched PLAs elucidated that the LCB-
PLA has shown the foaming process-ability with fine cell structures. 
 
7.5.2 Influence of Long-Chain Branching on Melt Strength. 
First of all, the melt strength is very important to polymer processesing involving 
extensional deformation such as film blowing, blow moulding, or thermoforming. On the 
other hand, extensional behaviour is a sensitive indicator of properties concerning the 
molecular structure such as high molecular weight tails or long-chain branching. The role 
of molecular structure of the melt strength (Rheotens tests) and uniaxial extensional 
viscosity were described and studied by many authors (Muke et al., 2001, Malmberg et al., 
2002, Zhu et al., 2009, Su and Huang, 2010) 
 
In order to measure the effects of branching on the rheological properties of material, the 
melt strength from a Rheotens test has been used. In literature, the melt strength behaviour 
of polyethylene is mainly discussed with the background of the application as a laboratory 
test method for the melt spinning and film blowing process. In case of film blowing the 
results of the Rheotens test are correlated to the bubble stability and minimum film 
thickness. The melt strength of LLDPE/LDPE blend systems can benefit from synergistic 
effects. Especially for LDPE-rich blends higher melt strengths can be measured than for 
the blend components (Micic et al., 1998, Field et al., 1998).  
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Recently, Su and Huang (2010) investigated the introduction of long branched chains onto 
a linear Polypropylene (PP) backbone with different peroxide to increase the melt strength 
and improve the processing ability of the linear PP. They perceived that the existence of 
LCB could enhance the melt strength of the modified PP in a melt extensional experiment 
at the same test conditions and the branching level can be conversely determined from the 
value of the melt strength. As shown in Fig.7.11, the melt strength of PP1 (modified with 
peroxide, without polyfunctional monomer) was lower than that of PP0 (initial PP); 
however, the velocity at break greatly increased. In this situation, the chain scission 
process was severed for PP1 leading to a decrease in its molecular weight, which resulted 
in the decrease of viscosity and melt strength. The increase of drawability for PP1 might be 
resulted from its decreased viscosity.  
 
 
 
Fig. 7.11 Rheotens curves of initial PP and PP modified with different peroxides at 180 ºC. 
(Su and Huang, 2010) 
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In addition, Lugao et al., (2007) also observed the increase drawability of irradiated PP 
with decreasing of viscosity. Conversely, modified PP with polyfunctional monomer and 
different types of peroxide (PP2, PP3, PP4, PP5 and PP6) could be improved by increasing 
the molecular mass, by broadening the distribution, or by introducing branches. Therefore, 
the velocity at break decreased in general as more LCB occurred on the PP backbone. The 
melt strength was not proportional to the velocity at break for these samples. The velocities 
at break of the PPs also varied with the type of peroxide, which again was a reflection of 
the properties and molecular structures created by the different peroxides. 
 
As mentioned previously, PLA is aliphatic polyester and because of its structure it 
degrades readily, which in some cases may cause unpredictable performance. High 
temperature applications of unmodified PLA are nearly impossible owing to its low heat 
distortion temperature. Moreover the processings of PLA are also limited by its low melt 
elasticity which prevents it from being blown into film. Therefore, in comparison with 
polymers such as polyethylene or polypropylene, PLA requires substantially larger 
molecular weight to display similar melt viscoelastic behaviour at a given temperature. The 
modification of chain architecture of PLA from linear to star or branched is the alternative 
approach. Not only zero shear viscosity and extensional viscosity would be increased but 
the melt strength of modified PLA would also be improved which should be favourable to 
film blowing application (Kim et al., 2004). However, the melt strength modification of 
PLA were almost observed as compounding with some additives (Cygan, 2009) or 
blending with other polymers (Wnuk et al., 1999).  
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However, the addition peroxide to modify the chain architecture of PLA in order to 
improve melt strength properties was investigated by Soldergard et al. (1995). The 
different types and contents of peroxide were added into PLA for melt strength 
investigation. As shown in Table 7.2, the melt strength test could not be carried out for 
PLA without peroxide due to its low melt strength values or look of it. In contrast, addition 
of 0.5 by wt % of peroxide could improve the melt strength of PLA up to12.7 cN which 
closely to melt strength of LDPE. 
 
 
Table 7.2 Tensile force of the melt, cN  
(Sodergard et al., 1995) 
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In recent year, PLA was blended with Epoxidized Soybean Oil (ESO) (Xu and Qu, 2009) 
in different concentrations to modify the rheological and mechanical properties. Theie 
results showed that the melt strength reached to the maximum value at 6% ESO, which 
was 5.5 times that of pure PLA as shown in Fig. 7.12. This was due to the presence of long 
chain branches in the PLA as effect of ESO, which participated in forming intermolecular 
interactions in the melt during elongation. However, the abrupt decrease of melt strength at 
content of ESO over 6% was probably due to simultaneously acting as plasticizer of ESO.  
 
 
 
Fig. 7.12 Effect of ESO contents on melt strength at 160 ºC for the PLA/ESO blends. 
(Xu and Qu, 2009) 
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7.6 Result and Discussion of Extensional Rheology Characterization 
As it is well known from literature and this investigation, linear and long-chain branched 
PLA behave distinctly different in a shear flow field. In the chapter 4 and 5, B-PLA 
exhibits a clearly higher shear viscosity than L-PLA. Interestingly, L,B-PLA material has 
forcefully exhibited the excellent viscosity in dynamic and steady shear rheology better 
than those two pure PLA. In this section, the extensional rheology results at different strain 
rates will be presented for all pure PLA samples such L-PLA, B-PLA and L,B-PLA. 
Furthermore, the impact on the extensional rheology obtained by varying the PEG content 
in the blended systems will be presented. The results for the blends are compared to the 
pure results to determine the effects of blending each of the PEG content with the PLA.  
7.6.1. Extensional Rheology of Pure PLA in Different Chain Architectures 
7.6.1.1 Extensional Rheology of L-PLA 
The extensional viscosity for the L-PLA as a function of time is displayed in Fig. 7.13 at 
temperatures 175°C. The data was obtained at strain rates ranging from 0.05 to 1 s
-1
. The 
extensional viscosity follows Eq.7.2 and increases with time. In particular, this increasing 
is slight in the so called ‗‗linear‖ region and became more rapid in the ‗‗strain-hardening‖ 
region of deformation (Dealy and Larson, 2006).  
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Fig. 7.13 Extensional viscosity versus time for unprocessed L-PLA at different strain rate 
( ), Temp = 175 ºC. 

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However, L-PLA did not exhibit any strain hardening up to the highest applied strain rate 
of   = 1 s-1. This is the ordinary behaviour of unmodified PLA material which is called 
strain softening phenomena as discussed by Yamane et al. (2004) and Liu et al. (2010). 
This was due to linear chains being free from any branch points and is not prevented from 
slipping over each other (Yamane et al., 2004). Similarly, this is referring that the 
molecular chains of L-PLA are quickly disentangled in deformation process (Zhu et al., 
2009). The invisible of strain hardening behaviour of L-PLA could be confirmed that the 
material is not favourable for blown film application. So the introducing of branched 
structure was considered to improve the properties as discussed in following section. 
 
Moreover, values for three times the zero shear viscosity (30) are also indicated and show 
an approximate correspondence with the extensional viscosity at early times (i.e., the 
Trouton ratio is near the expected value of 3). In this investigation, the extensional 
viscosity of L-PLA plateaus at approximately 12,000 Pa-s for high strain rate extension (  
= 1 s
-1
). From the shear rheology results in transient mode, the zero-shear viscosity is 
approximately 3600 Pa-s at 175°C. This corresponds to a Trouton ratio for a Newtonian 
fluid of 3 as shown for 3 line plotted in the Fig. 7.13. From the observation, the samples 
also broke prematurely before the maximum extension enabled by the test (i.e., Hencky 
strain of 3.5). 
 
7.6.1.2 Extensional Rheology of B-PLA 
 
As it is well known from literature, linear and long-chain branched polyethylenes (Gabriel 
and Münstedt, 2003), polypropylene (Stange et al., 2005, Nam et al., 2005) and even PLA 
(Liu et al., 2010) behave distinctly different in an extensional flow field. Long-chain 
branched materials exhibit a clear strain hardening behaviour, whereas for many linear 
materials no strain hardening has been reported. Strain hardening is generally exhibited 
when the strain rate is much larger than the rate of molecular relaxation (Kasehagen and 
Macosko, 1998) so one would expect the branched material to strain-harden earlier than 
the linear material.  
 
 
 210 
This is exactly what is observed in the B-PLA data of the extensional rheology as shown in 
Fig. 7.14.   The behaviour in extensional flow of the B-PLA is measured for strain rates 
from 0.05 s
-1
 to 1.0 s
-1
 up to a Hencky strain of 
H
  = 3.5, as applied for L-PLA. For this 
range of extensional rates the strain hardening behaviour of the B-PLA is more pronounced 
for higher strain rates and decreases for slow deformation rates. This occurrence is 
favorable for film production. As shown in Fig. 7.14, the solid line represents the three 
times the zero shear viscosity (30) which shows an approximate correspondence with the 
extensional viscosity at early times.  In this investigation, the extensional viscosity of B-
PLA plateaus at approximately 20,000 Pa-s for all applied strain rate.  
 
The literature suggests that strain hardening is exhibited when the rate of deformation 
considerably exceeds the rate of molecular relaxation (Kasehagen and Macosko, 1998). 
This effect is normally most significant when long chain branching is present because such 
branching introduces very long relaxation times. The agreement between extensional and 
shear measurements of B-PLA provides assurance that the extensional viscosity 
measurements are valid and that the observed strain hardening is a real effect. 
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Fig. 7.14 Extensional viscosity versus time for unprocessed B-PLA at different strain rates 
( )Temp = 175 ºC 

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7.6.1.3 Extensional Rheology of L,B-PLA 
From the shear deformation, blending of linear and branched PLA (L,B-PLA) has 
exhibited the excellent behaviour greater than than the L-PLA and B-PLA materials. 
Consequently, the investigation of the extensional rheology could be also experimented to 
confirmed the outstanding attribution of L,B-PLA. 
 
Fig. 7.15 shows the typical extensional stress growth versus time behaviour of the L,B-
PLA at 175°C and at the constant strain rates of 0.05, 0.1, 0.2 and 1.0 s
-1
. In this strain rate 
range, the distinct increase of the extensional viscosity above the linear viscoelastic start-
up curve is visible at strain rate at 0.2 and 1.0 s
-1
 thus showing the strain hardening 
behaviour. This behaviour might be the influence of blended with L-PLA. As a result, the 
L,B-PLA demonstrated the high sensitivity of extensional rheology on the existence of 
branched PLA, because the strain hardening can definitely be attributed to long-chain 
branching. In addition it was observed that the value of extensionL,B-PLA at al viscosity 
of all strain rates shows similar trends to the B-PLA material.    
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Fig. 7.15 Extensional viscosity versus time for unprocessed L,B-PLA at different strain 
rates ( ), Temp = 175 ºC 

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7.6.2. Extensional Rheology of PLA/PEG Blends 
In this section, the impact on the extensional rheology of PLA obtained by varying the 
PEG content in the blended systems will be presented. The results for the blends are 
compared to the pure results to determine the effects of blending PEG with the PLA. In all 
investigation of PLA/PEG blends, the experiments of the blends at 15 and 20 wt% of PEG 
could not be properly conducted at all strain rates. The data tended to be unusual because 
the samples deformed inhomogeneously at high PEG content. This problem also occurred 
for the samples of a relatively low viscosity as discussed in the study of PLA/PHA blends 
(Steffl, 2004). So, the results will not be presented in the discussion. 
7.6.2.1 Extensional Rheology of L-PLA/PEG Blends 
The extensional viscosity of the blends for the L-PLA/PEG at a temperature of 175°C with 
a strain rate of 0.05, 0.1, 0.2 and 1.0 s
-1
 is shown in Fig.7.16. The extensional viscosity of 
the blends tends to decrease with increasing PEG concentration in the blend. As described 
previously, L-PLA molecules are from any branch points so the polymer chains were 
easily slipped over each other (Zhu et al., 2009). Consequently, the addition PEG as 
plasticizer could also facilitate the disentanglement following the decreasing of extensional 
viscosity at higher PEG contents. The illustration for better understanding was shown in 
Fig.5.11.  
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Fig. 7.16 Extensional viscosity for L-PLA/PEG blends at different PEG contents ; (a) 
unprocessed L-PLA, (b) 0 wt% PEG, (c) 5 wt% PEG and (d) 10 wt% PEG, with strain 
rates   0.05, ■ 0.1, ▲0.2 and ● 1.0 s-1, Temp. = 175 ºC. 
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When comparing with the 30 curves, the extensional viscosity of each material also 
showed an approximate correspondence with the 30 at early times. In this investigation, 
the extensional viscosity of unprocessed L-PLA and processed L-PLA/PEG of 0 wt% was 
plateau at approximately 12,000 Pa-s and 6,500 Pa-s, respectively. The large variation of 
extensional viscosity of those two materials was also visible in steady shear rheological 
measurement. For reasons cited earlier, the chain scission of polymer chains from 
extrusion caused the polymer chains to easily slide over each other.  
 
In L-PLA/PEG blends of 5 wt% and 10 wt% PEG, the extensional viscosity plateau at 
approximately 2,500 Pa-s and 1,200 Pa-s, respectively. Moreover, for the L-PLA/PEG 
blends (5 wt% and 10 wt% of PEG) all curves measured at different extensional rates did 
not overlay well on the linear viscoelastic curve which corresponds with the threefold 
value of the linear start-up viscosity (30) as it should be in the range of linear deformation 
(Fig. 7.16). There were two possible reasons, including, the influence of degradation from 
the addition of ester group plasticizer and the slippery effect of samples. 
 
In this section, the L-PLA/PEG blend systems did not exhibited any strain hardening 
behaviour in all measured curves. Nevertheless, the significant decrease in extensional 
viscosity and the inconsistency with 30 were observed of addition PEG 5 and 10 wt%. 
Again, this can be confirmed that pure L-PLA and plasticized PLA were not suitable for 
film blowing. 
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7.6.2.2 Extensional Rheology of B-PLA/PEG Blends 
The branching introduction of PLA should reflect into the material response to an 
extensional deformation. Fig.7.17 compares the extensional viscosity of unprocessed B-
PLA and B-PLA/PEG blends with a strain rate of 0.05, 0.1, 0.2 and 1.0 s
-1
at 175ºC. The 
extensional viscosity of B-PLA sample(unprocessed B-PLA) was once more presented as a 
reference. As in shear experiments, the blended B-PLA with 0 wt% PEG showed a lower 
dynamic shear viscosity than the unprocessed B-PLA sample due to the chain-scission that 
happened during the extrusion. As shown in the Fig. 7.17, unprocessed B-PLA exhibited 
significantly higher strain hardening and the sample almost broke at Hencky strain of 3 at 
all extensional rates. In contrast, the B-PLA with 0 wt% PEG (ie. Processed B-PLA) has an 
approximately twice of extensional viscosity lower than unprocessed B-PLA and only 
presented the strain hardening at high strain rate. Moreover, all sample almost broke 
prematurely before the maximum extension enabled by the equipment.  
 
The extensional viscosity of the B-PLA/PEG blends tended to decrease with increasing 
PEG concentration because plasticizer facilitated the disentanglement following the 
decreasing of extensional viscosity at higher PEG contents. When comparing with the 30 
curves, the extensional viscosity of unprocessed B-PLA and B-PLA/PEG at 0 wt% showed 
an approximate correspondence with the 30. In this investigation, the extensional 
viscosity of those two materials plateau at approximately 22,000 Pa-s and 8,500 Pa-s, 
respectively. The large variation of extensional viscosity of those two materials was also 
visible in shear viscosity. For reasons cited earlier, the chain scission of polymer chains 
from extrusion and the remaining small molecules from branching procedure caused to 
easily slip over each other.  
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Fig. 7.17 Extensional viscosity for B-PLA/PEG blends at different PEG contents; (a) 
unprocessed L-PLA, (b) 0 wt% PEG, (c) 5 wt% PEG and (d) 10 wt% PEG with strain rates 
  0.05, ■ 0.1, ▲0.2 and ● 1.0 s-1 Temp. = 175 ºC. 
 
 
In B-PLA/PEG blends of 5 wt% and 10 wt% PEG, the extensional viscosity plateau at 
approximately 4,000 Pa-s and 2,000 Pa-s, respectively. Similarly, for the B-PLA/PEG 
blends all curves measured at low extensional rates (0.05 and 0.1 s
-1
) did not overlay well 
on the threefold value of the linear start-up viscosity (30) as they should be in the range of 
linear deformation (Fig. 7.17). This was also discussed as explanation in L-PLA/PEG 
blends. 
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However, it is worth mentioning that the presence of the strain-hardening behaviour was 
merely observed in the B-PLA with 5 and 10 wt% of PEG at strain rate 0.2 and 1.0 s 
-1
. In 
addition, the more significant strain hardening could be observed in the B-PLA/PEG blend 
of 10 wt%. This is a clear indication that at these strain rates, the strain hardening in B-
PLA with 10 wt% of PEG blend is more pronounced than in 5 wt%. Therefore, using high 
extensional rate (more than 1.0 s 
-1
) of the plasticized B-PLA could possibly be produced 
by film blowing process, although the extensional viscosity was lower that unprocessed B-
PLA. This was probably due to the enhancement of existing branched structures in the 
blends. 
 
7.6.2.2 Extensional Rheology of L,B-PLA/PEG Blends 
The blending of linear and branched materials should reflect into the material response to 
an extensional deformation similarly to shear deformation. Fig.7.18 compares the 
extensional viscosity of unprocessed L,B-PLA and L,B-PLA/PEG blends with a strain rate 
of 0.05, 0.1, 0.2 and 1.0 s
-1
at 175ºC. The extensional viscosity of L,B-PLA sample 
(unprocessed L,B-PLA) was once more presented as a reference. As in shear experiments, 
the blended L,B-PLA with 0 wt% PEG showed a lower dynamic shear viscosity than the 
L,B-PLA sample due to the chain-scission that happened during the extrusion. As shown in 
the Fig. 7.18, unprocessed L,B-PLA exhibited significantly strain hardening and the 
sample almost broke at Hencky strain of 3 at all extensional rates. Moreover, all samples 
almost broke prematurely before the maximum extension enabled by the equipment of low 
strain rates.  
 
The extensional viscosity of the blends decreased with increasing PEG concentration due 
to plasticizer facilitated the disentanglement following the decreasing of extensional 
viscosity at higher PEG contents. When comparing with the 30 curves, the extensional 
viscosity of unprocessed L,B-PLA and L,B-PLA/PEG at 0 wt% showed an approximate 
correspondence with the 30. In this investigation, the extensional viscosity of those two 
materials plateau at approximately 18,000 Pa-s and 11,500 Pa-s, respectively. The 
variation of extensional viscosity of those two materials was also visible in shear viscosity 
but it was similar when comparing to B-PLA/PEG system. 
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Fig. 7.18 Extensional viscosity for L,B-PLA/PEG blends at different PEG contents ; (a) 
unprocessed L-PLA, (b) 0 wt% PEG, (c) 5 wt% PEG and (d) 10 wt% PEG with strain rates 
  0.05, ■ 0.1, ▲0.2 and ● 1.0 s-1 Temp. = 175 ºC. 
 
In L,B-PLA/PEG blends of 5 wt% and 10 wt% PEG, the extensional viscosity plateau at 
approximately 8,200 Pa-s and 3,600 Pa-s, respectively. Again for the L,B-PLA/PEG blends 
all curves measured at low extensional rates (0.05 and 0.1 s
-1
) did not overlay well on the 
threefold value of the linear start-up viscosity (30) as they should be in the range of linear 
deformation (Fig. 7.18). This was also discussed as explanation in L-PLA/PEG blends. 
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However, it is worth to mention that the presence of the strain-hardening behaviour was 
noticeably observed in the L,B-PLA with 5 and 10 wt% of PEG at strain rate 0.2 and  
1.0 s 
-1
. Additionally, the more significant strain hardening could be observed in the L,B-
PLA/PEG blend of 10 wt%. This is a clear indication that at these strain rates, the strain 
hardening of L,B-PLA with 10 wt% of PEG blend is more pronounced than in 5 wt%. 
Therefore, using of high extensional rate (more than 1.0 s 
-1
) of the plasticized L,B-PLA 
could possibly be produced by film blowing process, although the extensional viscosity 
was lower that unprocessed B-PLA. This was probably the enhancement of existing 
branched structures in the blends. 
 
7.6.3 Comparison of Extensional Viscosity of B-PLA/PEG and L,B-PLA/PEG 
As seen in Fig. 7.19, L,B-PLA systems show a much stronger extensional viscosity and 
strain hardening character of the strain rates measured than B-PLA system in all PEG 
contents. A similar trend was also observed for the shear rheological properties. As 
described in the previous section, the enhancement of the shear viscoelastic functions due 
to the blending of branched PLA with linear PLA has exhibited the shear viscosity and 
melt elasticity stronger than pure L-PLA and pure B-PLA. This was due to the effect of 
more entanglement between linear and branched molecular chains by twin screw extrusion. 
Consequently, this would decrease in free volume and resulting in increase in viscosity, 
respectively.  
 
Similarly, this prominent feature was also noticed in extensional rheological investigations 
(Malmberg et al., 2002, Minegishi et al., 2001, Stange et al., 2005). Stange et al.,(2005) 
concluded that the addition of low amounts of LCB-PP into linear PP demonstrated the 
high sensitivity of elongational rheology on the existence of long-chain branches, because 
the strain hardening could definitely be attributed to long-chain branching. Moreover, 
Minegishi et al.,(2001) found that high molecular weight tail and long chain branching 
materials a much longer relaxation times so introduction of long relaxation times materials 
into linear materials caused the prominent strain hardening in extensional flows instead of 
reaching the steady-state value. Even a very small content of very high molecular weight 
chains resulted in the prominent strain hardening behaviour.  
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Therefore, a prominent feature is that the strong strain hardening character and great 
extensional viscosity of L,B-PLA system are desirable parameter for film blowing 
processing. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.19 Comparison extensional viscosity and strain hardening character of B-PLA 
system and L,B-PLA system at 1.0 s
-1
, Temp = 175 ºC. 
 
For a more quantitative estimation of the strain hardening effect the so-called strain 
hardening coefficient (SH) (Liu et al., 2010) was determined according to Equation 7.7. 
 
0
.3 

ESH            (7.7) 
   
Where 0 is the time-dependent shear viscosity in the linear range of deformation and E is 
extensional viscosity.  
 
In Fig. 7.20 the strain hardening coefficients at a total Hencky strain of 2.0 are shown as a 
function of the applied strain rate. The reason why Hencky strain of 2.0 was chosen was 
due to all curves of extensional deformation could be reached at that strain. Additionally, 
the curve for the L-PLA is missing as the samples did not exhibit the strain hardening 
behaviour at all strain rates.  
 
 
100
1000
10000
100000
0.01 0.1 1 10 100

e
(P
a
.s
)
Time (s)
Unprocessed B-PLA
0 wt% PEG
5 wt% PEG
10 wt% PEG
Strain rate = 1.0 s-1
30
100
1000
10000
100000
0.01 0.1 1 10 100

e
(P
a
.s
)
Time (s)
Unprocessed L,B-PLA
0 wt% PEG
5 wt% PEG
10 wt% PEG
Strain rate = 1.0  s-1
30
 221 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.20 Strain hardening coefficient (SH coefficient) under a Hencky strain of 2.0 as a 
function of PEG content at different extensional rates. 
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The results of Fig.7.20 indicate that the influence of addition PEG and thus existing of 
long-chain branching on the extensional viscosity and especially on the strain hardening 
behaviour are more pronounced at high strain rate. As seen in the Fig. 7.20, the SH co 
efficient of B-PLA/PEG blends and L,B-PLA/PEG blends slightly decreased with adding 
with PEG at 0 and 5 wt% of both strain rates while the SH coefficient turned to be increase 
at 10 wt%. However, the SH coefficient of all materials are more pronounce at strain rate 
1.0 s
-1
. Moreover, all the samples were mildly strain hardening but did not differ greatly in 
the degree of strain hardening.  
 
In comparison of both PLA/PEG blend systems, the SH coefficient of L,B-PLA system is 
more pronounce at all strain rates as previously discussed. This is in similarly to 
investigations on blends of LDPE and LLDPE where even at very low amounts of LDPE 
the strain hardening becomes more pronounced with increasing strain rate similar to the 
neat LDPE (Steffl, 2004). In this investigation, there is an irregularity as SH coefficient 
would be decrease with addition more plasticizer. On the other hand, the slightly SH 
coefficient was observed of addition 10 wt% PEG into PLA. The possible reason for this 
abnormal behaviour could be explained with the occurrence of physical crosslinking 
between PEG molecules and some branched PLA molecules.  
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7.7 Result and Discussion of Melt Strength Characterization 
7.7.1 Melt Strength of B-PLA/PEG Blends. 
Fig. 7.21 shows the melt strength of the B-PLA system at the temperature of 175 ºC. The 
force at which the polymer melt strand breaks is called the melt strength. The point of a 
rupture indicates a relative measure for the drawability of the melt under the test conditions 
(Wang et al., 2001).  
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Fig. 7.21 Melt strength curves of the B-PLA system as a function of pull-off speed at the 
temperature of 175 ºC. 
 
As take-up speed of strand increases, the melt strength (or tension) increases. When 
compared the level of melt strength between four B-PLA samples, unprocessed B-PLA 
shows higher melt tension (tensile force) than the others. On the other hand the highest 
drawability was found of B-PLA with 5 wt% PEG.  The melt strengths of each sample 
(unprocessed B-PLA, 0 wt%, 5 wt% and 10 wt% of PEG) are approximately 3.0, 2.5, 2.2 
and 0.7 cN, respectively. Therefore, it should be pointed out that the observed difference of 
melt strength between those four PLAs is of entanglement origin and plasticizer content.  
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The unprocessed B-PLA did not pass through the extruder. As such, it still contains more 
long branches while B-PLA with 0 wt% PEG has been extruded and therefore contained 
some long and short branches. As a result, the long branches of unprocessed B-PLA induce 
more chain entanglements (Sungsanit et al., 2010) in melt state, contributing to enhancing 
the melt strength over the extruded B-PLA without PEG. In addition, the melt strength 
significantly decreased, reflecting the partial loss of elasticity during the extrusion. It may 
be interpreted as the disentanglement of melt network by shear during extrusion. In case of 
plasticizing, the melt strengths also significantly decreased of addition more PEG contents 
and the values were very low when considering for blow film extrusion as compared with 
melt strength of LDPE film grade (10 cN) (Lee et al., 2000). As known from the previous 
discussion and the literatures, addition of PEG led to easily slipped chains that influenced 
to the strength of polymer melt.  
 
However, the evidence of draw resonances (flow instability) were experienced at lower 
concentrations of PEG and/or without PEG sample (Fig.7.21).  Draw resonance is defined 
by periodic fluctuations in the diameter of the stretched filament just before its breakage 
point in stretched condition. This is meaning that the addition of PEG has reduced the draw 
resonance of the blends due to the decreasing of die swell ratio of extruded melt strand. 
The polymers melt with low molecular weight, low branched chains and addition of 
plasticizers will have lower in melt elasticity and then the die swell ratio would be 
decreased (Sears and Darby, 1982) (Lee et al., 2000).   
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Fig. 7.22 The melt strength model predictions curves of B-PLA/PEG blends as the 
function of extensional strain. 
 
Apart from the difference of melt strength level, the differences of melt growth pattern of 
four PLAs were observed as shown in Fig.7.22. The melt strength curves with model 
predictions of B-PLA/PEG blends as a function of extensional strain were directly plotted 
from the experimental results by Rheotens software. The melt strength curve of 
unprocessed B-PLA and B-PLA/PEG blend at 0 wt% show the important strain hardening 
as manifested by the rapidly increasing slope of the curve while the blends with 5 wt% and 
10 wt% PEG show the steady increasing of slope. However, the B-PLA/PEG blends 
exhibited the gradual increasing and lower value of melt strength. The excellent 
development in drawability was noticeable. 
 
From this character, it could be noted that applying the high draw down ratio in blown film 
extrusion could enhanced the strain hardening of the B-PLA/PEG blends at low contents (5 
– 10 wt%). This possibly leads to the manufacturing of PLA film by blown film extrusion. 
The similar behaviour was also observed in extensional rheology. 
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Unprocessed 
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7.7.2 Melt Strength of L,B-PLA/PEG Blends. 
Fig.7.23 shows the melt strength of the L,B-PLA system at the temperature of 175 ºC.  
As take-up speed of strand increases, the melt strength (or tension) increases. When 
compared the level of melt strength between four L,B-PLA samples, unprocessed L,B-PLA 
shows higher melt tension (tensile force) than the others. On the other hand the highest 
drawability was found of L,B-PLA with 10 wt% PEG.  The melt strengths of each sample 
(unprocessed B-PLA, 0 wt%, 5 wt% and 10 wt% of PEG) are approximately 2.8, 2.3, 2.5 
and 1.3 cN, respectively. 
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Fig. 7.23 Melt strength curves of the L,B-PLA system as a function of pull-off speed at the 
temperature of 175 ºC. 
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Therefore, it should be pointed out that the observed difference of melt strength between 
those four PLAs in L,B-PLA system is of entanglement origin and plasticizer content. The 
unprocessed L,B-PLA was not passed through the extruder. Therefore, it still contains 
more long branches while L,B-PLA with 0 wt% PEG has extruded containing some long 
and short branches. As a result, the long branches of unprocessed L,B-PLA induce more 
chain entanglements in melt state, contributing to enhancing the melt strength over the 
extruded L,B-PLA without PEG. In case of plasticizing, the melt strength of 5 wt% PEG 
with L,B-PLA blend increased up to 2.5 cN greater than L,B-PLA with 0 wt% PEG.   
 
This was supposed as the influence of strain-induced crystallization during the tension 
procedure to stabilize the deformation, thereby rising its breaking force (Lee et al., 2001). 
However, addition more PEG content (10 wt%), the influence of plasticizing has dominant 
over strain-induced crystallization phenomenon resulting in increasing fluidity and 
drawability and decreasing melt strength of the blends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.24 The melt strength model predictions curves of L,B-PLA/PEG blends as the 
function of extensional strain. 
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Apart from the difference of melt strength level, the differences of melt growth pattern of 
four PLAs were observed as shown in Fig.7.24. This melt strength curves with model 
predictions of L,B-PLA/PEG blends were also plotted from the experimental results by 
Rheotens software. The melt strength curve of unprocessed L,B-PLA and L,B-PLA/PEG 
blend at 0 wt% and 5 wt% show the important strain hardening as manifested by the 
rapidly increasing slope of the curve while the blends with 10 wt% PEG show the steady 
increasing of slope. Additionally, the model curves of L,B-PLA system show the slope of 
melt strength growth higher than B-PLA system. This is referring that L,B-PLA system is 
outstanding in the strain hardening properties greater than B-PLA system. However, the 
L,B-PLA/PEG blends exhibited and lower value of melt strength and the excellent 
development in drawability was noticeable. 
 
From this character, it could be noted that applying the high draw down ratio in blown film 
extrusion could also enhanced the strain hardening of the L,B-PLA/PEG blends at low 
contents (5 – 10 wt%). This possibly leads to the manufacturing of PLA film by blown 
film extrusion.  
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7.7.3 Rheotens Characters of B-PLA/PEG Blends and L,B-PLA/PEG Blends 
Fig.7.25 shows the force at which the melt polymer breaks that corresponds to the melt 
strength for all the samples of B-PLA and L,B-PLA as a function of PEG concentration.  
The unprocessed B-PLA and B-PLA/PEG blend with 0 wt%, exhibited higher melt 
strength than L,B-PLA without PEG blends. The higher in melt strength of those two B-
PLAs was related to the presence of long chain branches in the PLA, which participated in 
forming intermolecular interactions in the melt during elongation, thus increasing the 
resistance to deformation (Su and Huang, 2010). Moreover, the presence of linear chains in 
L,B-PLA material might be the reason of lower melt strength. In contrast, the melt strength 
of L,B-PLA/PEG blends (5-10 wt%) have varied to be higher than B-PLA/PEG blends at 
the same PEG content. Therefore, it was presumed that adhesion between L,B-PLA and 
PEG molecules was better than the adhesion between B-PLA and PEG molecules. This 
tendency was the influence of strain-induced crystallization during the tension procedure. 
The occurrence of crystallites could act as physical crosslinks to stabilize the deformation, 
thereby rising its breaking force. This behavious was found by Lee et al., (2001) with 
investigation of the uniaxially stretched PLA. However the plasticizing process reduced in 
interaction force) has dominant over strain-induced crystallization phenomenon resulting 
lesser in increasing fluidity and decreasing melt strength of the blends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.25 Comparison of melt strength and drawability of B-PLA system and L,B-PLA 
system. 
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In the study of drawability, the maximum drawdown velocity can be observed until the 
break of polymer filament for all samples as shown in Fig.7.26. It was observed that 
samples with high values of melt strength show small drawdown velocity as compared in 
Fig.7.21 and Fig.7.23. Furthermore, the samples of B-PLA system exhibited the higher 
drawability when compared with L,B-PLA system. This behaviour may be ascribed to the 
dependence of B-PLA melt strength on its molecular weight, molecular weight 
distribution, degree of branches, and entanglement density. However, the significantly melt 
extensibility probably depends on the existence of a high level of molecule entanglement 
as the presence of long chain branching in B-PLA system. These results support the shear 
and extensional rheological results to a certain extent since both showed rise in melt 
viscosity with the existing branch structures and reduce in viscosity with addition 
plasticizer. Therefore, in case of plasticizing has certainly resulted in decreasing of melt 
strength due to enhanced molecular chain mobility of the blend. Consequently, the 
increases of drawability were observable with the addition more PEG contents. 
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Fig. 7.26 Comparison of melt strength and drawability of B-PLA system and L,B-PLA 
system.  
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7.7.4 Apparent Extensional Viscosity from the Rheotens Measurement 
An ―apparent extensional viscosity‖ can be defined as follows: 
 
             
 
Where the z is the tensile stress of melt strand and   is the apparent extensional rate, both 
calculated at a position near the take-up wheels. The typical range of strain rates for all 
materials at a position near the take-up wheels achieved with the rheotens conditions 
explored in this work is 0.0002–30 s−1. The tendency of extensional viscosity in this 
observation was in good agreement with the extensional viscosity progress from EVF 
mode as decreasing with addition more PEG contents as shown in Fig.7.27 (a) for B-PLA 
system and Fig.7.27 (b) for L,B-PLA system. Moreover, the presence of strain hardening 
behaviour was also obtained for all samples as presented in Fig 7.19 of EVF mode. From 
this Rheotens experiment, a strain hardening behaviour increases with increase of strain 
rate and reaching a maximum. Beyond the maximum of the extensional viscosity, 
extensional thinning behaviour is observed with the extensional viscosity dropping as 
strain rate increases. As seen in Fig.7.27 (a) and (b), the maximum point of strain 
hardening character was different for the various PEG content and the extensional viscosity 
of these materials. For B-PLA system (Fig.7.27 (a)) the maximum points of strain 
hardening character are observable at extensional rate of 1.3, 1.4, 2.5 and 3.1 s
-1
, 
respectively. In contrast, the maximum points of strain hardening character of L,B-PLA 
system (Fig.7.27 (b)) are observable at extensional rate of 1.1, 1.3, 1.5 and 2.0 s
-1
, 
respectively. Furthermore, the difference in extensional viscosity as a function of PEG 
content is more pronounced at lower strain rates, while it becomes smaller at higher strain 
rates and after reaching of maximum strain hardening point. 
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Fig. 7.27 The calculated extensional viscosity from Rheotens experiment, (a) B-PLA 
system and (b) L,B-PLA system. 
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According to the researches of Muke et al., (2001) and Kao et al., (2002), they reported the 
important of initial slope of the Rheotens flow (draw down force – time) curves which may 
be able to explain the strain hardening properties since it was in low strain rates similar to 
strain hardening behaviour from EVF mode. Thus, their explanations were applied to 
evaluate the slope of the strain hardening region in the extensional viscosity-extensional 
rate curves which have been compared to SH coefficient. Fig. 7.28 shows the strain 
hardening slope of B-PLA system and L,B-PLA system as a function of PEG content. As 
expected, strain hardening slopes of the Rheotens curves decreased gradually with addition 
of PEG. Moreover, slopes decrease sharply over 5 wt% PEG in B-PLA system and L,B-
PLA system, respectively. As shown in the figure, the higher of slope was observed in 
L,B-PLA system. This occurrence was also in a good agreement with SH coefficient in 
Fig.7.20. In conclusion, the incidence of strain hardening behaviour in L,B-PLA system  is 
more prominent than B-PLA system as conclude in EVF study and melt strength model 
curves. 
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Fig. 7.28 The slope in strain hardening region of B-PLA system and L,B-PLA system as a 
function of PEG content. 
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Table 7.3 Melt strength and drawability of the sample compared with other properties of 
the samples 
Characteristic 
B-PLA System L,B-PLA System 
Unpro-
cessed 
0 wt% 5 wt% 10 wt% Unpro-
cessed 
0 wt% 5 
wt% 
10 
wt% 
Mw 
( x10
5
) 
2.1 1.6  1.2  0.68 * 1.5 1.1 0.6 
Mn 
( x10
5
) 
0.85 0.82 0.66 0.38 * 0.75 0.63 0.31 
Mw/Mn 2.47 1.95 1.81 1.79 * 2.03 1.83 1.85 
Extensional 
Viscosity 
(Pa.s) 
22,000 8,000 4,000 2,000 18,000 11,500 8,200 3,600 
SH coefficient 
( = 1.0 s-1) 
1.8 1.5 1.3 1.5 2.4 1.7 1.5 2.2 
Melt strength 
(cN) 
3.0 2.5 2.2 0.7 2.8 2.3 2.6 1.3 
Drawability 
(mm/s) 
650 860 920 560 600 610 640 650 
slope in strain 
hardening 
region
** 
1.7 1.7 0.9 0.8 2.0 1.8 1.4 1.0 
*This material refers to dry-mixing of L-PLA/B-PLA so there is no data of molecular weight characteristics.  
**This characteristic was calculated from the extensional viscosity-extensional rate curves of Rhetens. 
 
As shown in Table 7.3, the main effects in the investigation of extensional viscosity and 
melt strength from the Extensional Rheometer (EVF mode) and Rheotens equipment could 
be summarize as following; 
 Introduction of branch chains led to the improved extensional rheological 
properties 
 Extensional viscosity and Melt strength decreased with addition PEG. 
 The strain hardening character decreased with addition PEG. 
 Application of higher strain rate led to an increased in the strain hardening 
behaviour. 
 Drawability increased with the addition of PEG 
 L,B-PLA system presented the greater strain hardening behaviour than B-PLA 
system. 
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Chapter 8 : Blown Film Extrusion of a Selected PLA/PEG Blend 
 
Many biobased resins can be processed on conventional plastic moulding equipment and, 
depending on the properties of the specific resin, can be converted into many types of 
plastic products. These do not only include to single use items for example, compost bags 
(lawn and leaf), disposable food-service items (cutlery, plates, cups) and packaging 
materials but they also include more durable products like coatings, e.g., laminations, 
paper coatings, and other injection moulded and sheet extruded products (phone and other 
cards and sheet printed plastics) (Mohantya et al., 2000). In case of Poly(lactic acid), it can 
be processed by injection moulding, sheet extrusion, blow moulding, thermoforming and 
film forming. Natureworks LLC commercialized PLA polymer under the name of 
Natureworks for extrusion, thermoforming, cast film, blown film and injection stretch blow 
moulded bottles and containers (Drumright et al., 2000, Gruber and O‘Brien, 2002) 
 
8.1 Preparation Prior Processing (Drying)  
 
All PLA is subject to hydrolysis when heated in the presence of water. Therefore, drying is 
required to prevent a loss in properties. It readily absorbs moisture from the atmosphere. 
The presence of even small amounts of moisture will hydrolyse PLA in the melt phase, 
reducing the molecular weight. As a result, the mechanical properties of PLA decrease and 
the end-product quality is compromised. Therefore, PLA must be thoroughly dried just 
prior to melt processing (Henton et al., 2005). Due to the rapid rate of moisture pick-up of 
PLA, any regrind that has been stored needs to be dried adequately, prior to re-extrusion. 
Most processors of recycled PLA choose to crystallize the recycle in order to eliminate any 
problems with drying. Semicrystalline PLA permits trouble-free drying in conventional 
equipment at 65 - 87°C. Amorphous PLA requires drying at much lower temperatures 43-
55C, to prevent sticking in the dryer. PLA must be dried to less than 250 parts per million 
(ppm) moisture and maintained at this moisture level to minimize hydrolysis during melt 
processing. This is not optional with PLA; it is absolutely essential (NatureWorksLLC, 
2005a).  
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8.2 Blown Film Extrusion of PLA 
Films are the second largest application area for PLA. PLA films can be prepared by the 
blown bubble technology or preferably, cast-tentering. Film production, however, has been 
shown to be quite difficult due to the low melt strength and instability at elevated 
temperatures. Nevertheless, by controlling polymer composition and the addition of 
stabilizing agents, PLA can be casted into films ranging in thicknesses of 8 m to 510 m 
using standard film casting equipment (Sodergard and Stolt, 2002) and it can be blown in 
film whose thicknesses range from 10 m to 150 m (Lim et al., 2008). Furthermore, PLA 
films also have superior dead fold or twist retention for twist wrap packaging.  
 
As compared to Polyethylene, the melt strength of PLA is weaker, and therefore, the 
formation of a stable bubble during extrusion blowing is more difficult. As a result, PLA 
requires the use of additives, such as viscosity enhancers to strengthen its melt strength or 
enhancing its melt strength by adding an organic peroxy compound (e.g., tert-
butylperoxybenzoate, dibenzoylperoxide, tert-butylperoxyacetate) during melt processing, 
wherein the peroxide is added in about 0.01–3.0 wt%  (Raquez et al., 2006). 
 
Moreover, due to the high dead-fold properties of PLA, collapsing of bubble in the nips 
rolls tends to produce wrinkles which tend to permanently remain in the film. To overcome 
this trouble, Hiltunen et al.(2000) blended PLA with triacetin plasticizer (glycerol 
triacetate), together with various anti-adhesion agents, such as talc, titanium dioxide (TiO2) 
and calcium carbonate (CaCO3). They claimed that the bursting strengths of the resulting 
blown films were better than typical polyethylene and PP films. Slip additives (e.g., 
oleamide, stearamide, N,N-ethylene bisstearamide, oleyl palmitamide) of less than 0.5–
1.0% by polymer weight have also been added to reduce the coefficient of friction between 
overlapping films (Tweed et al., 2006). In addition, Tweed et al. (2006) developed a 
method to obtain PLA blown films by elevating the viscosity of PLA through successive  
steps in a polymer cooling unit or by internal cooling of the die mandrel using air or liquid 
fluid to control the temperature of the die. 
 
In extrusion blown film process, molten PLA is extruded to form a tube using an annular 
die. By blowing air through the die head, the tube is exaggerated into a thin tubular bubble 
and cooled. The tube is then flattened in the nip rolls and taken up by the winder (Fig. 8.1).  
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Fig. 8.1 Schematic diagram of a blown film process.  
(Pitfullsinmolding, 2010) 
 
The blown film process uses dimensionless ratios to describe to the forming of the bubble. 
The basic ratios of blown film are blow-up ratio (BUR) for the transverse direction (TD) 
and take-up ratio (TUR) for machine direction (MD) extension (Cantor, 2006). The BUR 
as defined by Equation               (8.1) (the ratio between the diameter of the film bubble, 
(Df) and the annular die, (Dd) is an indicator of amount of expansion (strain) in the bubble 
in the transverse direction. BUR does not describe to the total strain or the strain rate. 
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The TUR as shown in Equation (8.2) is an indicator of the elongation (strain) that occurs in 
the MD. The film velocity, (Vf )  is the upward speed of the film above the frost line and is 
established by the control system. It is equivalent to the nip speed. The die exit velocity, 
(Vd) is the upward speed of the molten polymer as it exits from the die lips. It is related to, 
but is not equal to, the screw speed. The melt velocity can be determined experimentally 
by marking the film and tracking the mark, but an easier method is to employ the principle 
of conservation of mass. 
 
Because TUR requires some calculation to be carried out, some workers prefer to use the 
draw down ratio (DDR) as shown in Equation                   (8.3) , to indicate the total degree 
of film stretching. DDR is determined from three easily obtained measurements, the die 
gap, final film thickness, and BUR: 
BUR.t
t
DDR
f
d                      (8.3) 
 
Where td is the die gap and tf is the film thickness. However, even though DDR is easy to 
determine, it does not specifically indicate the degree of MD or TD stretching. These are 
indicated by the TUR and BUR, respectively. 
BUR ratios of 2:1–4:1 with the die temperature of 190–200 ◦C have been used for 
extrusion blowing of PLA films (Sodergard and Stolt, 2002, Tweed et al., 2006). By 
varying the BUR, screw speed, air pressure, and winder speed, films of different 
thicknesses (10–150µm) and degree of orientation can be achieved.  
Film crystallinity has been discovered as the main factor for surface roughness which 
affects optical properties of the blown film. The crystalline morphology in the blown film 
is influenced by the cooling rate or frost line height (FLH) along with the molecular 
structure of the polymer. The name is derived from operations where it appears that the 
film is optically frosting as it becomes cloudy due to polymer crystallization. Increasing 
the cooling rate will result with lower FLH which shows a decrease in the diameter of the 
spherulites and will provide lower crystallinity in the film (Cantor, 2006).  
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From the Fig. 8.1, the frost line height (FLH) is the position on the bubble where 
expansion ends. The bubble region below the frost line is known as the stalk or neck, 
particularly when it is relatively long. Above the frost line, where geometry is effectively 
frozen-in, the terms bubble diameter and film thickness are simply used for those 
characteristics.  
Once the film is collapsed flat and passes through the nip rollers, the two layer web is 
characterized by a lay-flat width (LFW). Twice the lay-fl at width is equivalent to the 
circumference of the bubble (or BD = 2 LFW/π). In many cases, it is easiest to measure the 
lay-flat width, so this equation becomes a handy tool for determining the bubble diameter 
(Cantor, 2006). In addition, the relationship of the frost line height and blow-up ratio 
would also affect on water vapour transmission rate (WVTR) of the film as shown in Fig. 
8.2 (Todd, 2003). The improvement in barrier with increasing frost line height is due to the 
longer time the film is in the molten state, which gives it more time to relax the stresses 
induced by the die and the draw down ratio. Increasing the BUR ratio increases the stress 
in the transverse direction (TD), which helps balance the machine direction (MD) stresses 
and thus imparts more random orientation of the crystals. 
 
 
Fig. 8.2  WVTR as a function of Frost-line height and Blow-up ratio. 
(Todd, 2003) 
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The BUR value gives an idea of the degree of molecular deformation in the film and 
particularly the orientation influencing in the final properties of the film and stability of the 
process. In addition, the BUR affects the crystallinity level in the film. The higher BUR 
means lower crystallinity and lower BUR results in higher crystallinity due to the 
molecular alignment into one direction and easier packaging of the molecules resulting 
from this alignment. Moreover, the BUR is also related to the type of stressed resulting in 
the film. At lower BUR the predominant stresses are in the MD. The origin for these 
stresses is the stretching effect produced by the nip rolls and haul off unit. In contrast, 
higher BUR induces higher stresses to the molecules in the TD and they will tend to create 
a sort of network giving special properties to the final product. These explanation were 
illustrated in the investigation of PLA/PBS blends (Larverde, 1997). In addition, BUR has 
a strong effect on the stability of the process and output rate that can be achieved. Very 
high BUR will produce a very high oriented film but the bubble will be difficult to control 
and stabilize. It results in a film with wrinkles and higher differences in the thickness as the 
result of inconsistent cooling rate around the bubble.  
It is possible to distinguish between four different bubble instabilities as shown in Fig. 8.3. 
These different types of instability, draw resonance, bubble instability, helical instability 
and metastability have characteristic structure (Steffl, 2004). The metastable state is 
characterized by a varying frostline or frostline oscillation. It is seen as an up and down 
movement of the point where the bubble first reaches its maximum diameter. It can result 
from a few causes, such as varying extruder output (surging) and changes in the ambient 
condition around the bubble, such as drafts. In case of bubble instability the diameter of the 
bubble pulsates. In contrast to the bubble instability the diameter of the bubble remains 
constant in case of a helical instability. In this case the bubble shows a helical movement. 
The instability is called draw resonance when the bubble shows an oscillating occurrence 
of small bubble diameters, a behaviour that is also reported from the Rheotens 
experiments. 
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Fig. 8.3 The bubble instability of blown film extrusion  
(Steffl, 2004) 
 
8.3 Experimental Setup of the Blown Film PLA 
To prepare for blown film processing, the compounded L,B-PLA with 10 wt% of PEG 
resin was dried overnight at 50ºC to remove moisture absorbed during the pelletizing 
process. The resin was allowed to cool to room temperature for 1 hour, and then the 
material was loaded into the extruder hopper. The blown film experiments were performed 
using a lab-scale blown film unit manufactured by Strand Plast Maskiner, Sweden as 
shown in Fig.8.4. It consists of a single screw extruder with a screw diameter of = 30 mm 
and a length-diameter ratio of L/D = 20. To ensure a homogeneous throughput through the 
annular die a mandrel die was mounted between the 90° crosshead and the annular die. The 
latter has a gap of 1.0 mm. A spiral flow blown-film die with a 40.75 mm diameter was 
used to produce the film.  
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Fig. 8.4 Blown film extruder producing L,B-PLA/PEG film 
 
The technical details of the extrusion unit are displayed in Table 8.1. During the tubular 
blown film experiments the temperature profile in the extruder was set as shown in Table 
8.2. The extruder screw speed was adjusted to 35.6 rpm to produce the polymer melt to die 
exit. Films were cooled using a single lip air ring. This frost line height is depended on the 
used BUR. The take-up gear consists of a lay-flat and wind-up unit. The wind-up drive was 
able to run film velocities of 0.86 m/s.  
 
In this investigation, the thickness of the blown film was measured mechanically at two 
BUR values. For each production parameter film samples were taken and the homogeneity 
was measured. The blow-up ratios of the bubble in this work (2.5:1 and 3.2:1) produced a 
bubble with an average film thickness of 60 m and 50 m, respectively. 
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Table 8.1 Technical specifications of the blown film line  
 
Screw speed 35.6 rpm 
 Die 40.75 mm 
Die gap 1.0  mm 
Take up speed 0.86 m/s 
BUR 2.5 and  3.2 
 Bubble 100 and 130 mm 
 
Table 8.2 Temperature profile of the extrusion process 
 
Zone of Extruder/Die 1 2 3 4 5 
Temperature ( C) 130 155 165 185 190 
 
8.4 The Properties of Blown Film L,B-PLA/PEG Blend 
8.4.1 Bubble Stability 
The processing with BUR 2.5:1 was easy to control the thickness and the bubble diameter 
and the bubble stability was observable as shown in Fig. 8.5 (a). On the other hand, the 
bubble stability was very poor for the BUR 3.2:1, it was almost impossible to stabilize the 
bubble. In addition, the larger BUR produced the high stretching in TD and made the 
bubble instability in helical pattern as shown in Fig. 8.5 (b). A ―Helical Instability‖ (also 
known as ―Snaking‖)(Cantor, 2006) occurs when a bulge in the bubble appears to rotate 
around the circumference as it exits from the air ring. This is generally caused by the frost 
line being too low at larger BUR and not allowing adequate escape of cooling air around 
the bubble. Adjustments that increase the frost line, such as increased throughput or 
decrease BUR, are used to solve this problem. Therefore, in PLA film blowing the 
acceptable BUR would be considered with the end use properties and the stability of 
process. Normally, the values of BUR up to three are common (Dealy and Wissbrun, 
1990).  
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(a) BUR = 2.5:1                (b) BUR = 3.2:1 
 
 
 
 
 
 
(a) BUR = 2.5:1                (b) BUR = 3.2:1 
 
Fig. 8.5 Bubble stability of varying BUR in blowing film of L,B-PLA/PEG blend 
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8.4.2 Physical Properties 
Under the conditions investigated, the PLA film of BUR 2.5:1 was semi-crystalline, 
whereas the PLA film of BUR 3.2:1 was found to be amorphous. This was due to the effect 
of higher BUR which led to the lower in FLH and reduced the ability of film 
crystallization. 
 
 
 
 
 
 
 
 
 
(a) BUR = 2.5:1    
 
 
 
 
 
 
 
 
                       (b) BUR = 3.2:1 
 
Fig. 8.6 Comparing of the optical properties of PLA film with different BUR 
 
 
In terms of optical and surface quality, a more transparent film was obtained with the film 
produced with BUR = 3.2:1, however some imperfections such as gels and flow lines were 
also observed. In case of BUR = 2.5:1, the film was more blurry and the imperfections 
were still be visible as shown in Fig. 8.6 . The high amount of gels in the film indicated a 
problem with the thermal stability of material, while excessive exposure to heat in the 
extruder led to the degradation of the polymers. 
Zoom in 
Zoom in 
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8.4.3 Mechanical and Morphological Properties 
The tensile properties were obtained using at Instron tensile tester with a load cell 1 kN and 
cross-head speed of 500 mm/min. The mechanical properties of the L,B-PLA with 10 wt% 
of PEG films were examined to determine the impact of BUR on the tensile properties. The 
two different blow-up ratios were evaluated at 2.5:1 and 3.2:1. Frequently, the BUR 
ranging in 2 – 4 are almost used to produce PLA films (Sodergard and Stolt, 2002). The 
evaluated properties only in machine direction are shown in Table 8.3. 
 
Table 8.3 A comparison of the tensile properties of PLA films 
Tensile Properties  
L,B-PLA /  
10 wt% PEG  
Neat PLA  
(Aurus et. 
al., 2004)  
(23 mm)  
Neat PLA  
(Thellen et. 
al., 2005)  
(76 mm)  45-60 mm  
(BUR: 3.2)  
65-75 mm  
(BUR: 2.5)  
Tensile Strength (MPa)  35 ± 4.5 25±2.6 72  20-25  
Young’s Modulus (GPa)  1.2 ± 0.24 0.5 ±0.13 2.1  N/A  
% Elongation  45 ±12 200 ±21 10.7  4-6  
 
This was indicated that the tensile strength and modulus increased with increasing BUR in 
the film production while the elongation at break was decreased versus higher BUR. The 
elongation at break of the film at BUR 2.5:1 could reach to 200% while at BUR 3.2:1, the 
elongation at break was only 45 %. When comparing to the other result of PLA film, the 
L,B-PLA with 10 wt% PEG displayed a lower tensile strength than the neat PLA in Aurus 
et al., (2004) of different film thickness but the significant improvement of % elongation at 
break was observable. The improvement in elongation and decrease in tensile strength 
were the influence of addition of PEG into the PLA matrix and also the introduction of 
branched structures into PLA molecules.  
 
In addition, the production of L,B-PLA/PEG film was also observed the effects of different 
two BUR. The higher BUR indicated the increase in tensile strength. This could be 
explained with the differences of molecular deformation degree and the original stresses in 
the film direction. 
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The difference of BUR induced the difference of crystallinity level in the film. The lower 
BUR (2.5:1 ) resulted in higher crystallinity due to the molecular alignment into one 
direction and easier packaging of the molecules resulting from this alignment. In case of 
stresses in the film, the stresses were produced by the nip rolls and haul off unit in MD. In 
contrast, higher BUR induced higher stresses to the molecules in the TD and a sort of 
network of molecular chains were also generated (Larverde, 1997). Consequently, the film 
production with BUR 3.2:1 of L,B-PLA/PEG blend exhibited better tensile strength and 
modulus. This was the lower residual stresses in MD was induced and the higher molecular 
chain network or the orientation of the film was generated. For better consideration, a 
schematic diagram of different orientation at different BUR is presented in Fig.8.7. 
 
 
 
 
 
 
 
           BUR = 2.5:1            BUR = 3.2:1 
 
Fig. 8.7 A schematic diagram of different orientation at different BUR 
 
Unfortunately, the water vapour transmission rate (WVTR) and dart drop impact properties 
could not be done because the film produced has a few of the wrinkles and some gel that 
prevented experiments from being carried out.  
 
In conclusion, the properties of the films produced in this study were able to be 
manipulated by varying the conditions (BUR) at which the films were stretched. Therefore, 
the introduction of branch structures into PLA molecules and the addition of PEG as a 
plasticizer can be tailored to meet the requirements for film manufacturing. 
 
Crystallinity 
Molecular 
Network 
TD  
MD 
TD  
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Chapter 9 : The Three Phase Model and The “Pillow Effect” 
9.1 Introduction to Three Phase Model 
A polymer is a long chain molecule comprises of a large number of repeating units, called 
monomers. Similar to small molecules, polymers have the ability to crystallize. However, 
the degree of crystallinity of most polymers is unreachable up to 100% because of the 
defects of the polymer chains, such as the two ends of the polymer chains, and 
entanglement of chains due to the long chain nature of polymers. Therefore, crystallized 
polymers are normally called ―semicrystalline polymer‖ (Young and Lovell, 1996). As a 
result, the crystallization behaviour of semi-crystalline polymers is of primary importance 
in the final properties of the materials and has obviously attracted much interest. 
 
For a semicrystalline polymer, the contents of crystallinity and amorphous phase as the two 
phase model can be described as following: 
 
Xc + Xa     =  100%        (9.1)
    
where Xc  is the percentage of the crystallinity of a semicrystalline polymer and Xa  is the 
percentage of the amorphous content of a semicrystalline polymer. The determination of 
the crystallinity of semicrystalline polymers by DSC has been recently discussed and 
reported by many researchers (Gray, 1970, Di Lorenzo, 2005b, Schick, 2009). 
 
Although the total amorphous content of most semicrystalline polymers can be calculated 
through the relationship as above, the contribution to the relaxation strength at the glass 
transition can be different. Investigation of the relaxation intensity in most semicrystalline 
polymers with crystalline mass fraction Xc shows that not all of the non-crystalline fraction 
(1-Xc) participates in the glass transition. At glass transition temperature, some of the 
amorphous chains or segments are free to move, defined as mobile amorphous while some 
are rigid and have less freedom, defined as rigid amorphous.  
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Initially, the study of the rigid amorphous phase was done by Menczel and Wunderlich             
( 1981), They found that the hysteresis peak at the glass transition gradually disappeared 
with an increase of crystallinity. Moreover, the heat capacity step ΔCp at Tg gradually 
decreased with an increase of crystallinity. From their study, it was concluded that the sum 
of amorphous fraction from heat capacity step at Tg and crystallinity of the semicrystalline 
polymer from heat of fusion is far less than 1, about 0.7. Therefore, a third phase, rigid 
amorphous phase (Xra) was introduced. The following relation can be obtained: 
 
Xra =  1 - Xc  - Xma         (9.2) 
           
Where the mobile amorphous phase (Xma) of the semicrystalline polymer can be calculated 
directly from the ratio of the heat capacity increment of the semicrystalline sample (ΔCp) 
to that of the wholly amorphous sample (Cp 100% amorphous ) at the glass transition, using 
(Schick et al., 2001, Wang et al., 2006)  
 
amorphousp
C
p
C
ma
X
%100


         (9.3)
  
The Equation (9.2) has been named as the three phase model, since, morphology of some 
semicrystalline polymers could not be simply described as a conventional two-phase model 
containing both crystalline and amorphous phases. The well established three-phase model 
considers the existence of a mobile amorphous, rigid amorphous, and crystalline structure 
coexist in those semicrystalline polymers can be used to explain some important 
behaviour. The schematic diagram in Fig. 9.1 represents the structure of the three phases 
model, where their fractions can be obtained from the DSC data. where L is the long period 
of semicrystalline polymer. The schematic diagram depicts crystals fraction (Xc), rigid 
amorphous fraction (Xra) and mobile amorphous fraction (Xma). The Bragg long period, LB, 
comprises one lamellar crystal and the intervening amorphous phase 
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Fig. 9.1 The arrangement of the three phases model of semicrystalline polymer, (lamellar 
stack model) 
(Rastogi et al., 2004, Piccioch et al., 2007) 
Xra 
Xc 
Xma 
Xra 
L
B
 
Schematic of spherulite growth 
during the cooling stage 
Lamellar 
Crystal 
Rigid 
Amorphous 
Mobile 
Amorphous 
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9.2 Three Phase Model of Poly(lactic acid) 
PLA is known to have a slow crystallization rate and it is therefore possible to obtain 
materials with a wide range of crystalline contents (Di Lorenzo, 2005a, Piccioch et al., 
2007). DSC data can be used to demonstrate the crystallization of PLA that could be a 
model to investigate the influence of the rigid amorphous phase in the segmental mobility 
of the mobile amorphous regions (Wang et al., 2006). Determination of the mobile 
amorphous fraction, rigid-amorphous fraction and crystallinity for semi-crystalline 
polymeric material such as poly(lactic acid) also requires this quantitative thermal analysis. 
The thermal analysis of semi-crystalline PLA is often complicated by overlapping 
irreversible effects between the glass transition and melting such as enthalpy relaxation, 
cold crystallization, reorganization, annealing and premelting processes. The kinetic effects 
are superimposed on the thermodynamic Cp (Dobbertin et al., 1996). The features of the 
amorphous phase strongly depend on the existence of crystallinity: Upon crystallization, 
the glass transition temperature (Tg) increases, and the distribution of relaxation times 
enlarges. 
 
For calculation purpose, the value of Cp of 100 % amorphous PLA used was 0.438 
J.(g.K
-1
) according to (Magon´ and Pyda, 2009). Equation 9.3 was used to evaluated of the 
mobile amorphous fraction of PLA and the crystallization fraction was calculated from: 
 
100
6.93
HH
(%)ityCrystallin ccm 

        (9.4) 
 
In this investigation, there is the considerable behaviour of the PLA/PEG blends in term of 
PEG content as an effect of the crystallinity on impact strength. As previously expected, 
plasticized PLA led to a decreased in Tg and a decreased in crystallinity as well, since the 
effectiveness of plasticizer can reduce the inter-molecular force and increase the chain 
mobility within the polymer (Wypych, 2004). On the contrary, the investigation of 
PLA/PEG blends has exhibited the development of crystallinity and impact strength, while 
the Tg also decreased with addition of more PEG.  
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Recently, Wang et al.,(2006) observed the influence of semicrystalline morphology on the 
glass transition features of isothermally cold- and melt-crystallized PLLA using DSC. 
They found a decrease in Tg of PLLA with an increasing crystallization temperature. These 
authors proposed a three phase model for describing the system. The higher Tg value was 
recorded for semi-crystalline specimens as compared to that of fully amorphous samples. 
The increase of Tg for semi-crystalline PLLA, in comparison with the amorphous PLLA, 
was found to be well correlated with the significant reduced thickness of the crystalline 
layer and of the rigid amorphous layer, and with a slight increase of thickness of mobile 
amorphous layer. Moreover, according to Wang et al., (2006), they suggested that the 
presence of a thicker rigid fraction in the sample reduces the constraints imposed by the 
crystalline layer on the amorphous chains, which thus leads to an increase of the 
macromolecular mobility. Therefore, the rigid amorphous phase has owned some degrees 
of freedom in the lamellae that can help the segments to their motion of energy absorption. 
They have named this model as ―The pillow effect‖, whereby in the rigid amorphous phase 
is expected to involve low amplitude motions within this phase. In addition, they suggested 
that such a little free volume for transitional / rotational motion of small molecules could 
be enough for the motion in mobile amorphous phase. Therefore, the introduction of three 
phase model has been established to explain the phenomenon including the effect of 
crystallinity and rigid amorphous phase on the impact strength. 
 
9.3 Characterization of Three Phase Model with L-PLA/PEG Blends and                          
B-PLA/PEG Blends 
More extensive studies on PLA may bring new insights on the effect of crystalline 
fractions on the glass transition characteristics of semicrystalline polymers. The heat 
capacity across the glass transition (Cp) was determined according to the methodology 
proposed (DSC) as illustrated in Fig.9.2. Table 9.1 and 9.2 list the calculated results of the 
percentage of the crystallinity, the mobile and the rigid amorphous contents based upon the 
relationship as discussed in the introduction. It was noted that Cp generally decreases with 
decreasing Tg for the misicible blends as discussed in Chapter 4, 5 and 6 but the Cp 
increased slightly due to the immiscible components. The Cp values for all the 
semicrystalline PLA specimens, when compared to the value of the fully amorphous one, 
are significantly smaller than expected from their non-crystalline fraction. 
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          Fig. 9.2  The example of  Cp analysis from DSC data. 
          (Wang et al., 2006). 
 
Moreover, it can be seen that the decreasing of Tg of L-PLA/PEG blends and B-PLA/PEG 
blends is followed by a significant increase in the fraction of crystalline lamellae (Table 
9.1 and 9.2), and gradual increase in that of the rigid amorphous phase. Again, the data 
which originated from Tg characterization (Cp, Xma, Xra) apparently varied at immiscible 
components. The change in the mobile amorphous phase fraction is evidently decreased of 
sample with 5 wt% PEG and the results suggest a decreasing trend with increasing Xc and 
decreasing in Tg as well.  
 
Table 9.1 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
L-PLA/PEG blends 
PEG Content 
Tg 
( ºC) 
Cp 
J.(g.K
-1
) Xc Xma Xra 2Xra Xma+2Xra 
PLA 100% 
Amorphous* 63 0.438 - - - - - 
0 62 0.304 0.27 0.69 0.04 0.08 0.77 
5 46 0.143 0.36 0.33 0.31 0.62 0.95 
10 38 0.107 0.40 0.24 0.36 0.72 0.96 
15 33 0.120 0.40 0.27 0.33 0.66 0.93 
20 33 0.115 0.44 0.26 0.29 0.58 0.84 
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Table 9.2 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
B-PLA/PEG blends   
 
PEG Content 
Tg  
( ºC) 
Cp 
J.(g.K
-1
) Xc Xma Xra 2Xra Xma+2Xra 
PLA 100% 
Amorphous*  
63 0.438 - - - - - 
0 63 0.360 0.15 0.82 0.03 0.06 0.88 
5 49 0.206 0.29 0.45 0.24 0.48 0.93 
10 35 0.158 0.34 0.36 0.30 0.60 0.96 
15 34 0.090 0.38 0.21 0.42 0.84 1.05 
20 33 0.170 0.41 0.39 0.21 0.42 0.81 
* Tg and Cp are taken from  Mogon and Pyda (2009). 
 
Typically, a decrease in the fraction of the mobile amorphous phase could result in an 
increase in the Tg of semicrystalline materials (Mano, 2005, Wang et al., 2006). This is 
opposite to the observations in this study. This investigation incorporated the PEG contents 
in the samples that resulted in the decreasing of Tg as the chain mobility was enhanced. 
However, the increasing in crystallinity fraction was also observed that could lead to the 
decrease in the fraction of the mobile amorphous phase. 
In case of rigid amorphous phase, the increasing in the fraction was also visible until the 
immiscible blends were observed from the thermal and morphological characterizations. 
This could be concluded the addition of PEG into PLA has influenced on the each fraction 
of three phase model (Fig. 9.1) indicating the effectiveness of the discussion with other 
properties as explained in the literatures (Piccioch et al., 2007, Li and Curran, 2009) .    
 
Li and Currun (2009) reported that the rigid amorphous phase of the semicrystalline 
polymers have effected on the relaxation strength. Although, samples had quite different 
rigid amorphous percentage, their glass transition temperatures and crystallinity are very 
similar. Therefore, they conclude that the mobile amorphous and rigid amorphous contents 
could affect the properties of the semicrystalline polymers.  
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In this investigation, the increase in impact strength of the PLA/PEG blends was possibly 
caused by the gradual increase in the fraction of the rigid amorphous layer and by a slight 
decrease in the thickness of the mobile amorphous phase following the pillow effect 
phenomenon.  
 
As shown in the Fig. 9.1, the arrangement of the three phases model of semicrystalline 
polymer, the lamellae stack of long period (L) is included of Xc, Xma and two layers of Xra. 
Therefore the mobile amorphous phase and rigid amorphous phase fractions of the samples 
were plotted as the relationship of Xma + 2Xra. 
 
As seen in the Figs. 9.3 (a) and (b), the increase of impact strength of the addition of PEG 
shows a relationship with the increasing of Xma+2Xra. However, the gradual decreasing of 
impact strength was also observed when that fraction decreased. The result suggested that 
the presence of a thicker rigid and mobile fraction in the sample reduces the constraints 
imposed by the crystalline layer on the amorphous chains, which thus leads to an increase 
of the macromolecular mobility. This was due to the rigid amorphous phase possessed 
some degrees of freedom in the lamellae that can help the segments to their motion of 
energy absorption (Wang et al., 2006, Piccioch et al., 2007). This could be refered to as the 
―pillow effect‖ phenomenon in the rigid amorphous phase. It is expected to involve low 
amplitude motions within this phase that such a little free volume for transitional / 
rotational motion of small molecules could be enough to generate motion in the mobile 
amorphous phase. Therefore, the samples could absorb the external stress and hence 
resulted in improved impact strength properties.   
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Fig. 9.3 The correlation of Xma + 2Xra and impact strength of (a) L-PLA/PEG blends and 
(b) B-PLA/PEG blends 
 
 
(a) 
(b) 
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9.4 Characterization of Three Phase Model With L-PLA/B-PLA Blends and L,B-
PLA/PEG Blends 
9.4.1 The System of L-PLA/B-PLA Blends 
According to the results of the blending of L-PLA/B-PLA in Section 6.1, the linear and 
branched PLA blends exhibited the higher viscosity and flexibility than the log additivity 
rule prediction. This was due to the increase of entanglement and the miscibility among the 
linear and branched chains showing the synergistic properties of shear viscosity, 
extensional viscosity and impact strength greater than pure L- PLA and B-PLA blends.  
 
Similarly, the three phase model analysis could also introduce to evaluate the increase of 
chain entanglement of the blends. From the literature, the increase of crystallinity and 
crystal thickness results in a simultaneous decrease in entanglement density. Crystalline 
ordering together with the reeling-in effect consequently results in a decrease in the 
number of entanglements per chain in the amorphous domains (Rastogi et al., 2004). In 
this blend system, both L-PLA and B-PLA component have the potential to crystallize. A 
smaller amount of crystallization of B-PLA has been found as the restriction of branch 
chains. The characterization of each phase in the lamellae stack of the blends was possibly 
to explain the increase over the predicted mixing rule of impact strength of the L-PLA/B-
PLA blends. 
 
For A/B binary polymer blends, it has been reported that if B is already crystalline, the 
crystalline fraction would serve as a restriction on the subsequent growth of the 
crystallizable partner A (Chen, 2009). As shown in Table 9.3, the B-PLA has ability to 
crystallize lower than L-PLA so the addition of more B-PLA led to the small amount of Xc, 
indicating the increase of amorphous phase that resulted in the possibly higher in 
entanglement density of the blends. Therefore, the increase in impact strength of the L-
PLA/B-PLA blends was caused by the gradual increase in amorphous fraction, especially 
the increase of the rigid amorphous layer phase as the ―pillow effect‖ phenomenon.  
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In case of the fractions of rigid amorphous, the Xra were almost constant of addition of B-
PLA 10-20 wt% but the significant increase of Xra was observed of addition of B-PLA in 
the region of 30-70 wt%. This significant observation was also noticed in the synergistic 
behaviour of the impact strength of L-PLA/B-PLA blends because of the miscibility in this 
region. 
 
As shown in the Table 9.3 and Fig. 9.4 (a), it was seen that Tg remained almost constant as 
B-PLA content increase from 0 to 100 wt%. However, this trend was not observed for Cp 
values as B-PLA content was increase. However, data in Table 9.3 suggest that Cp seem 
to be lower at increase in B-PLA content and therefore the mobile amorphous phase and 
rigid amorphous phase were increased up to 40 wt% of B-PLA and the decreased of those 
fractions were observed later on.  
 
 
Table 9.3 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
L-PLA/B-PLA blends 
B-PLA Content 
Tg  
( ºC) 
Cp 
J.(g.K
-1
) Xc Xma Xra 2Xra Xma+2Xra 
PLA 100% 
Amorphous* 63 0.438 - - - - - 
0 62 0.304 0.28 0.69 0.03 0.06 0.75 
10 63 0.421 0.03 0.96 0.01 0.03 0.98 
20 63 0.421 0.03 0.96 0.01 0.03 0.98 
30 64 0.382 0.02 0.86 0.12 0.23 1.09 
40 63 0.304 0.06 0.68 0.25 0.50 1.19 
50 63 0.321 0.11 0.73 0.17 0.33 1.06 
70 63 0.350 0.08 0.80 0.12 0.24 1.03 
90 64 0.371 0.08 0.83 0.09 0.19 1.02 
100 63 0.342 0.10 0.77 0.13 0.26 1.04 
* Tg and Cp data are taken from  Mogon and Pyda (2009). 
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Fig. 9.4 Xma + 2Xra (a) and (b) impact strength as a function of B-PLA content in L -
PLA/B-PLA blends 
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In case of impact resistance, the increase of impact strength was observed with the addition 
of more B-PLA content that led to the increase of Xma + 2Xra of the blends. At the 
significant increase beyond the mixing rule prediction of impact strength of the                 
L-PLA/B-PLA blends, the Xma + 2Xra also has the similar tendency; the highest value of 
Xma + 2Xra of these blends which occurred at 40 wt% B-PLA, corresponded to the greatest 
impact strength properties as well. This could be noticed that the introduction of three 
phase model to describe the effect of semicrystalline polymer morphology on the impact 
properties was also correlated well with the variation of  Xma + 2Xra as the phenomenon of 
― pillow effect‖. 
 
9.4.2 The System of L,B-PLA/PEG Blends 
Table 9.4 lists the calculated results of the percentage of the crystallinity, the mobile and 
the rigid amorphous contents based upon the relationship as discussed in the introduction. 
It was noted that Cp generally decreases with decreasing Tg and increasing PEG contents. 
Similar to L-PLA/PEG blends and B-PLA/PEG blends, the Cp values for L,B-PLA/PEG 
are significantly smaller than the PLA with 100 % amorphous. 
 
Moreover, the significant increase in the fraction of crystallinity and gradual increase in the 
rigid amorphous phase with addition of PEG have resulted in the considerable decrease of 
Tg. Again, the data which originated from Tg characterization apparently varied at 
immiscible components as thermal and SEM characterization. In addition, the change in 
the mobile amorphous phase fraction also evidently decreased for sample with 5 wt% PEG.  
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Table 9.4 Thermal characteristics and the fractions of amorphous PLA and semicrystalline 
L,B-PLA/PEG blends   
PEG Content 
Tg  
( ºC) 
Cp 
J.(g.K
-1
) Xc Xma Xra 2Xra Xma+2Xra 
PLA 100% 
Amorphous 63 0.438 - - - - - 
0 63 0.320 0.15 0.73 0.12 0.24 0.97 
5 50 0.202 0.28 0.46 0.27 0.54 1.00 
10 36 0.170 0.30 0.39 0.32 0.64 1.03 
15 36 0.135 0.41 0.31 0.28 0.56 0.87 
20 34 0.160 0.40 0.36 0.24 0.48 0.84 
* Tg and Cp data are taken  from  Mogon and Pyda (2009). 
 
This investigation incorporated the PEG contents in the samples that resulted in the 
decreasing in Tg as the chain mobility was enhanced. However, the increasing in 
crystallinity fraction was also observed that could lead to the decrease in the fraction of the 
mobile amorphous phase. In case of rigid amorphous phase, the increasing in the fraction 
was also visible until the immiscible blends were observed from the thermal and 
morphological characterizations. This could be concluded that the addition of PEG into 
L,B-PLA has also influenced on the each fraction of the three phase model. Therefore, this 
model is also available to clarify the properties of the blends.   
 
In this examination, the increase of impact strength of the L,B-PLA/PEG blends was 
possibly caused by the gradual increase in the fraction of the rigid amorphous layer and by 
a slight decrease in the thickness of the mobile amorphous phase following the pillow 
effect phenomenon. As shown in the Fig. 9.1, the mobile morphous phase and rigid 
amorphous phase fractions of the samples in this L,B-PLA/PEG blends were plotted as the 
relationship of Xma + 2Xra. 
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Fig. 9.5 The correlation of Xma + 2Xra and impact strength of L,B-PLA/PEG  
 
 
 
The increase of impact strength as the addition of PEG is in good relationship with the 
increasing of Xma+2Xra. The gradual decreasing of impact strength were also observed 
when that fraction decreased as seen in the Fig. 9.5. At the highest of Xma+2Xra value, the 
great in impact strength was also observed. The gradual increase in the fraction of the rigid 
amorphous layer in the L,B-PLA/PEG samples led to an increase of the motion of 
molecular chains. Because the rigid amorphous phase possessed some degrees of freedom 
in the lamellae that can help the segments to their motion of energy absorption (Wang et 
al., 2006, Piccioch et al., 2007). In this L,B-PLA/PEG blends, the excellent ratio which 
exhibited the greatest impact strength is L,B-PLA with 10 wt% of PEG that correlated well 
with the fraction of Xma+2Xra of 1.03.   
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Evidently, the ―pillow effect‖ phenomenon in the rigid amorphous and mobile amorphous 
phase could also verify the effect on the impact strength of this blend. This phenomenon is 
expected to involve low amplitude motions within these phase that could be enough to 
generate motion in the mobile amorphous phase. Therefore, the samples could absorb the 
external stress and hence resulted in improved impact strength properties.   
 
 
The analysis of the crystallization behaviour of each PLA/PEG blends reported in this 
contribution has evidenced a series of that can be summarized as follows:  
 
 DSC data can be used to demonstrate the crystallization of each PLA that could be 
correlated well with the three phase model of semicrystalline polymer.  
 The model is useful to study the effect of addition of PEG into PLA to investigate 
the characteristic of rigid amorphous phase in the segmental mobility of the mobile 
amorphous regions. 
 The variation of rigid amorphous phase in each system with varying PEG 
concentration has shown a good relationship with impact strength value following 
the pillow effect phenomenon.  
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Chapter 10 Conclusions and Recommendations 
10.1 Conclusions 
The conclusions of this work can be divided into three parts. In the first part, the properties 
of the addition of PEG into PLA in different chain architectures are discussed. The second 
part, the properties of blown film which was produced from the optimized composition of 
PLA and PEG are summarized. Finally, various correlations arising from this work used to 
predict the properties of PLA/PEG blend are discussed. 
 
Firstly, the effect of plasticizing PLA in different chain architectures; linear PLA (L-PLA), 
branched PLA (B-PLA) and linear/branched PLA (L,B-PLA) with PEG having Mw of 
1,000 g/mol in various PEG concentrations (0, 5, 10, 15 and 20 wt%) could be concluded  
as follow: 
 
 Molecular Characteristics: The introduction of branch structures into PLA 
molecules by reactive extrusion with organic peroxide in a small content (0.5 wt %) 
was successful. The branched PLA has higher molecular weight (MW) and broader 
molecular weight distribution (MWD) than linear PLA. The existence of long chain 
branches (LCB) was confirmed with the viscoelastic spectrum plots. The plateau of 
the loss angle of B-PLA is more evident than L-PLA curve with increasing 
frequency sweep, as more long chain branching exists in skeleton chain of 
polymers. Moreover, a decrease of MW and MWD is also noticed with the addition 
of PEG, due to the degradation in PLA from the presence of plasticizers with ester 
groups. 
 Synergistic Behaviour of B-PLA and L-PLA blends (L,B-PLA): these blends have 
a synergistic behaviour in their melt rheological properties and also in the impact 
behaviour. Miscibility of B-PLA and L-PLA enhances the rheological properties 
and impact behaviour in the region of 30-70 wt % of B-PLA content. 
Consequently, the linear and branched PLA (50 wt %:50 wt %) midpoint blend was 
chosen for blending with PEG. 
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 Dynamic and Steady Shear Rheological Properties: PLA with higher PEG loading 
produced lower viscosity and elastic properties compared to pure PLA. Storage 
modulus decreased with PEG loading at all frequencies and exhibited weak 
frequency dependence with increasing PEG content. B-PLA has higher melt 
viscosity and dynamic moduli than L-PLA suggesting more chain entanglement 
among themselves. Estimations of the molecular weight between entanglements 
(Me) in the melt were obtained from the plateau modulus (
0
nG ). The Me of pure 
L,B-PLA is lower than that of pure L-PLA and pure B-PLA indicating more chain 
entanglements in L,B-PLA  blend. More entanglements create synergy in L,B-PLA 
blends compared to L-PLA and B-PLA materials. L,B-PLA/PEG blends have 
superior dynamic and steady shear rheological properties for this reason. 
 Extensional Viscosity:  Strain-hardening behaviour in extensional flow occurs in 
both pure B-PLA and L,B-PLA. In addition B-PLA/PEG blends and L,B-PLA/PEG 
blends also exhibited the strain hardening behaviour at strain rate higher than 1.0 s
-
1
. Unexpectedly, the L,B-PLA system has the greater strain hardening behaviour 
than the B-PLA system. However, the strain hardening behaviour of L-PLA/PEG 
blends system does not occur in any strain rate tested.  
 Melt Strength by Rheotens: The B-PLA and L,B-PLA exhibits similar level of 
melt strength properties. In contrast, the investigation of the L-PLA sample could 
not be completed because of absence of any strain hardening behaviour. This is due 
to the difference in chain architectures of L-PLA and B-PLA. As known, linear 
chains being free from any branch points and is not prevented from slipping over 
each other. The increase of PEG content decreased the melt strength values and 
increased the drawability. 
 Thermal Properties: The addition of more PEG lowered the glass transition 
temperature (Tg) as expected and modified the crystallization characteristics by 
increasing crystallinity and crystallization rate. This was attributed to the enhanced 
segmental motion of the PLA molecular chains.  
 Mechanical Properties: The addition of more PEG increased the impact strength 
and % elongation at break while the tensile strength and Young‘s modulus 
decrease, as expected. This is the function of a plasticizer. 
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 Morphological Properties: More plastic deformation, as a ductile material, could 
be observed at the fractured surface of impacted bars. However, the smooth fracture 
surfaces indicating brittle fractured areas and PEG particles, were clearly observed 
at high PEG content due to phase separation. 
 Miscibility: The miscibility of PLA/PEG blends depended on the type of PLA 
chain architecture and concentration of PEG. L-PLA and L,B-PLA blends with 
PEG are miscible only at less than 10 wt % PEG whereas the B-PLA blends are 
miscible up to  15 wt % PEG. SEM micrographs confirmed immiscibility as a 
distribution of white round PEG particles are evident on fracture surface. In 
addition, the appearance of PEG crystallization peak from thermal analysis and 
abrupt decrease of impact strength could be used to prove the miscibility of this 
study as well. 
 
Secondly, L,B-PLA blended with 10 wt% PEG was chosen to produced a film by blown 
film extrusion. This material was selected from the optimized ratio of L-PLA and B-PLA 
blend that exhibited the synergistic properties in terms of rheological and impact strength 
properties greater than L-PLA and B-PLA systems. The properties of the film with varying 
BUR were explored and the following conclusions were drawn: 
 
 Physical Properties: The transparent film was produced by using the higher  
BUR. However, the instability of bubble during the film extrusion was observed. 
  Tensile Properties: The modified PLA film exhibited improvement in % 
elongation at break. The tensile properties of modified PLA film depend on the 
BUR. The film production with higher BUR (3.2:1) exhibited the better tensile 
strength and modulus, because the lower of residual stresses in MD was induced 
and the higher of molecular chain network or the orientation of the film was 
generated. 
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Finally, In this study, the significant correlations of the properties and the PEG content 
were also generated: 
 
 Phase Separation: Each system of PLA/PEG blends, the phase separation 
correlated well to the thermal, impact and morphological properties through the 
appearance of PEG crystallization peak, abrupt decreasing of impact strength and 
the occurrence of brittle fracture with the appearance of PEG phase  at higher PEG 
content. ( more than 10 and 15 wt% PEG respectively of L-PLA and B-PLA blend 
system and more than 10 wt% PEG respectively of L,B-PLA blend system) 
 Crystallinity (% Xc) and Impact Properties: The % Xc of the extruded granule in 
each system of PLA/PEG blends can be correlated to the impact strength of the 
sample. The increase of crystallinity as a result of PEG addition has enhanced the 
energy absorption of impacted bar whilst for crystallinity at 40 %, an unexpected 
decrease of impact strength was observed. Therefore, this could be concluded that 
the critical crystallinity of each system of PLA/PEG blends is 40 % which was 
correlated to the wt% of occurred phase separation as well. 
 Three Phase Model: DSC data could be used to demonstrate the crystallization of 
each PLA that could be correlated well with the three phase model of 
semicrystalline polymer. The model was useful to study the effect of the PEG 
addition into PLA to investigate the characteristic of rigid amorphous phase in the 
segmental mobility of the mobile amorphous regions. The variation of rigid 
amorphous phase in each system with varying PEG concentration has shown a 
good relationship with impact strength value following the pillow effect 
phenomenon.  
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10.2 Recommendations  
The following recommendations for future work are proposed:  
 Examine other available grades of PLA to determine the effects the different grades 
on the rheological characteristics and properties of the films since only one grade of 
PLA was investigated in this work. 
 Examine other PEG materials with various molecular weights to study the effect of 
molecular weight on the resultant properties. 
 Explore other concentrations of PEG to particularly study in the correct 
composition of PLA/PEG blends.   
 Consider addition of filler such as calcium carbonate and talcum to determine if 
these can improve the properties of PLA/PEG blends. 
 Study biocomposites of PLA and PEG with different bio-based filler materials such 
as jute, kenaf, flax, bamboo and straw and the range of applications for these 
polymers. 
 Study a spherulite size and growth rate of crystallization by using the small angle 
light scattering (SALS) method with light microscope to explore more 
understanding  of crystallization for  different chain architecture of PLA.  
 Process the film production with other composition of PLA/PEG blends to compare 
the properties of the film. This would produce films which would enable further 
studies of the gas barrier and dart drop impact properties. 
 Vary more the parameter of blown film extrusion to determine how this influences 
the processability and properties of the films.  
 Study the degradation behaviour of the films in various environments such as 
activated sludge, composts, soil, and water. Experiments could include monitoring 
the weight loss, crystallinity, and mechanical properties of the films over time 
during the degradation trials. 
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APPENDICES 
Appendix A: The estimated entanglement molecular weight (Me) from the plateau 
modulus ( 0nG ) which calculated by Rheometrics Rhio V4.0 software. 
Materials Mw 
(g/mol) 
0
nG  
(Pa) 
Me 
(g/mol) 
Unprocessed L-PLA 1.6 x 10
5 
71100 1.12 x 10
5
 
0 wt% 1.4 x 10
5
 64200 1.24 x 10
5
 
5 wt% 1.0 x 10
5
 39500 2.01 x 10
5
 
10 wt% 5.8 x 10
4
 20900 3.81 x 10
5
 
15 wt% 4.1 x 10
4
 12870 6.18 x 10
5
 
20 wt% 3.2 x 10
4
 6254 12.5 x 10
5
 
    
Unprocessed B-PLA 2.1 x 10
5 
101600 0.78 x 10
5
 
0 wt% 1.6 x 10
5
 70200 1.11 x 10
5
 
5 wt% 1.2 x 10
5
 39200 2.03 x 10
5
 
10 wt% 6.8 x 10
4
 29600 2.69 x 10
5
 
15 wt% 4.8 x 10
4
 18400 4.32 x 10
5
 
20 wt% 4.2 x 10
4
 13800 5.77 x 10
5
 
    
Unprocessed L,B-PLA -
 
163000 0.49 x 10
5
 
0 wt% 1.5 x 10
5
 92800 0.85 x 10
5
 
5 wt% 1.1 x 10
5
 64400 1.23 x 10
5
 
10 wt% 6.0 x 10
4
 32000 2.48 x 10
5
 
15 wt% 5.3 x 10
4
 21400 3.72 x 10
5
 
20 wt% 4.6 x 10
4
 15200 5.24 x 10
5
 
 
The calculation followed the relationship of 0nG  and Me which is: 
e
n
M
RT
G

0  
Where  is the density at reference temperature (T) and R is the gas constant.  
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Appendix B: Materials used for this experiments 
 Poly(lactic acid, L-PLA) (4032D-grade, biaxially oriented films) 
 Poly (ethylene glycol) (PEG), MW = 1,000 g.mol-1 
 Organic Peroxide (LUPEROX 101) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
